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ABSTRACT 
 Crop losses to the damaging effects of tropospheric ozone in the United States are 
estimated to cost $1-3 billion annually. One of the world’s most important oilseed crops, soybean 
(Glycine max [L.] Merr.), is particularly sensitive to O3 with current estimated losses of 8.5-14% 
depending on genotype and environmental conditions. Zea mays (maize) is the most important 
food crop globally in terms of production, and has previously been classified as moderately 
sensitive to O3. In the United States, soybeans and maize are commonly grown in a crop rotation 
with each other. The Midwestern United States “Corn Belt” produces 38%% of the world’s 
maize and 34%% of the world’s soybean crops (USDA FAS), and currently experiences O3 
concentrations that are high enough to negatively impact yields. 
 In my dissertation research I approached the problem of crop loss to O3 in three ways. 
Since soybean sensitivity to O3 has already been demonstrated I first tested the hypothesis that 
there is cultivar variation in the antioxidant, photosynthetic, and yield responses of soybean to 
growth at ambient and double ambient [O3] under field conditions. Ten cultivars of soybean were 
grown at elevated [O3] from germination through maturity at a fully open-air agricultural field 
location in the Soybean Free Air Concentration Enrichment (SoyFACE) facility in 2007, and six 
of those were grown again in 2008. In order to determine what parameters could be used to 
predict the sensitivity of seed yield to elevated [O3], photosynthetic gas exchange, fluorescence, 
chlorophyll content, antioxidant capacity, and leaf area index were monitored. Doubling the [O3] 
over ambient in those years decreased soybean yields by an average of 17%, with a range of 8-
37% depending on cultivar and year. Chlorophyll content and photosynthetic parameters were 
positively correlated with seed yield, while antioxidant capacity was negatively correlated with 
photosynthesis and seed yield, suggesting a possible shift in the carbon balance between 
antioxidant metabolism and carbon gain. Exposure-response curves derived from these results 
indicate that breeding has not inadvertently selected for O3 tolerance.  
 While I calculated an exposure response of different genotypes to O3 from different years 
of treatment at SoyFACE, variation in temperature, moisture availability and planting date could 
potentially interact with O3 to alter the response of soybean to the pollutant.  Therefore, the 
experiments present in Chapter 3 are for soybean exposed to nine different concentrations of [O3] 
(38 ppb to 120 ppb) in each of two growing seasons, in order to measure the physiological and 
agronomic O3 dose response.  All genotypes responded similarly with O3 exposure causing a 
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linear decrease in leaf area, light absorption, specific leaf mass, primary metabolites, seed yield, 
and harvest index, while antioxidant capacity linearly increased. Although the two growing 
seasons experienced different temperature and rainfall patterns, there was a robust linear seed 
yield decrease of 37-39 kg ha-1 per ppb of cumulative O3 exposure over 40 ppb (AOT40). The 
existence of immediate effects of O3 exposure on photosynthesis, stomatal conductance, and 
photosynthetic transcript abundance before and after initiation and termination of fumigation of 
O3 fumigation were concurrently assessed, but there was no evidence of an instantaneous 
photosynthetic response. Growing season-long O3 exposure, however, negatively impacted the 
ability of the soybean canopy to intercept radiation, the efficiency of photosynthesis, and harvest 
index, suggesting that there are multiple targets for improving soybean responses to this 
damaging air pollutant. 
 To further explore the exposure-response of soybean, and to better understand how it is 
affecting yields in the Midwest United States, a region which produces nearly 40% of the 
world’s soybean and ~36% of maize crops, the study in Chapter 4 approached yield responses on 
a larger scale, using time series modeling to determine the O3 response of soybean and maize. 
Time series models are commonly used to predict the potential effects of climate change on crop 
yields on a large scale, in an agronomic setting, over many years and growing conditions using 
historical observations of seed yield and measurements of weather. In this study temperature and 
O3 were negatively correlated with soybean and maize yield, while water availability was 
positively correlated. Accounting for the colinearity in weather variables, O3 significantly 
decreased maize yield by 163 kg ha-1 and soybean yields by 55 kg ha-1 for every 1 ppm h 
increase in AOT40 over the growing season. 
In this dissertation I demonstrate significant intraspecific variability of soybean yield 
response to doubled ambient [O3], correlate the yield response to physiological and biochemical 
parameters measured late in the growing season, and discuss potential ways to screen germplasm 
for tolerance to O3. I then develop an O3 exposure-response for soybean, and estimate a loss of 
37-39 kg ha-1 per ppm h AOT40 for field-grown soybean.  I quantitatively parse the yield loss 
into decreases in the efficiencies of light interception, solar energy conversion into biomass, and 
partitioning efficiency, further supporting the conclusion that there are multiple opportunities for 
selection of soybean tolerance to this harmful pollutant. Finally, I utilize historical yield, O3, and 
meteorological data to show that the five greatest soybean and maize producing states are 
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currently suffering significant yield losses due to O3 air pollution at a rate of 55 kg ha-1 for 
soybean and 163 kg ha-1 for maize per ppm h over AOT40. These effects of O3 estimated from 
data collected over the last quarter century underscore the importance of including an O3 
exposure term in statistical models of crop and ecosystem responses to global climate change.  
They further suggest that developing O3 tolerance in maize, as well as soybean, should be a 
target for improving current and future crop production. 
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CHAPTER 1 
INTRODUCTION 
Current and future tropospheric ozone concentrations 
 Tropospheric ozone (O3) is a secondary air pollutant and greenhouse gas (Royal Society, 
2008) with well-documented harmful effects on human health and terrestrial vegetation (Royal 
Society, 2008), currently causing global crop losses estimated from $14 to $26 billion dollars per 
year (Van Dingenen et al., 2009). Before the Industrial Revolution, tropospheric O3 
concentrations ( [O3]) were less than 10 parts per billion (ppb) on the outskirts of Paris (Volz and 
Kley, 1988), but [O3] have since risen to daytime summer values over 40 ppb in many parts of 
the Northern Hemisphere (Fowler et al., 1999; Stevenson et al., 2006). In just the last 50 to 100 
years [O3] have more than doubled over the mid latitudes of the Northern Hemisphere (Staehelin 
et al., 1994, Vingarzen, 2004) where the current [O3] are higher than those in the Southern 
Hemisphere (Stevenson et al., 2006; Emmons et al., 2010). Nearly one quarter of the earth’s 
surface is at risk from [O3] exceeding 60 ppb during midsummer daytime hours and from the 
even higher concentrations that occur locally (Fowler et al., 1999a, b). In North America and 
Europe, the highest [O3] occur in the summer and peak in late afternoon (Dentener et al., 2010). 
High O3 episodes can occur with spikes reaching 200-400 ppb in cities or in remote areas during 
heat waves (Royal Society, 2008). The croplands of Eastern China, Western Europe, and the 
Eastern and Midwestern United States are being exposed to some of the highest background [O3] 
(Prather et al., 2001). 
   Recent regional [O3] over the past decade have shown a continued upward trend in Asia, 
and reductions in peak surface [O3] for North America and Europe, although these regional 
trends in surface concentrations obscure large local variations in [O3] (Dentener et al., 2010; 
Ainsworth et al., 2012). For example, within the downward trend of North American exposure, 
many parts of the Western United States are actually experiencing increases in springtime [O3] 
(Dentener et al., 2006). Also, large year-to-year variation in [O3] exists in any given location.  
For example, over the past decade in east-central Illinois, summer growing season average [O3] 
has varied from 36 to 62 ppb (Fig. 1.1).  
 Global future tropospheric [O3] are modeled using global chemical transport models 
driven by future climate and meteorological scenarios and estimates of future emissions (see Ch 
5 of Royal Society, 2008 for a review).  While the latest IPCC report projected increases in 
surface [O3] of ~25% over the next 30 to 50 years (Meehl et al., 2007), more recent estimates of 
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future changes in [O3] are more modest (Royal Society, 2008; Dentener et al., 2010). 
Background changes in [O3] from 2000 to 2030 range from global decreases of 2 ppb to global 
increases of 4 ppb (Dentener et al., 2006), depending on scenarios of emissions of precursor 
pollutants and legislative changes and enforcement.  Regionally, Asia is projected to have 
increasing [O3] over the next 30 years in every emission scenario, while Europe and North 
America are predicted to see modest increases in [O3] with a ‘business as usual’ emission 
scenario (Dentener et al., 2010).  
Ozone formation in the troposphere and deposition into the biosphere 
Approximately 10% of global tropospheric O3 comes from stratospheric influx 
(Stevenson et al., 2006). The majority of tropospheric O3 is generated through sunlight-driven 
chemical reactions between nitrogen oxides (NOx), methane (CH4) and other volatile organic 
compounds (VOCs; Stevenson et al., 2006; Royal Society, 2008). These precursor pollutants are 
primarily produced within cities and industrial centers (Cooper at al., 2010), and the resulting 
polluted air masses are acted upon by meteorological conditions such as solar intensity, 
temperature, pressure, and concentrations of water vapor (Meehl et al., 2007). Under these highly 
variable conditions, the rates of O3 generation can vary greatly (Meehl et al., 2007).  
Although the risk of acute O3 exposure around large cities is best known, background 
[O3] has also been rising in rural areas, distant from cities, as these polluted air masses can be 
transported from industrial city centers for hundreds or thousands of miles both across and 
between continents before they undergo the photochemical reactions to form O3 (Cooper et al., 
2010). As a result, high concentrations of O3 may be formed far from the original source of 
pollution, often affecting remote rural areas (Prather et al., 2003).  
The boundary layer of the troposphere is the few hundred meters closest to the surface of 
the earth. Here, dry deposition to the land surface is the major removal process for O3 
(Ainsworth et al., 2012). Of the dry deposition to terrestrial ecosystems, 30-90% is controlled by 
the stomatal pores of plant leaves (Cieslik, 2004; Emberson et al., 2009). The rates of O3 
formation are more rapid under strong sunlight and high temperatures, which can also favor 
maximum rates of plant photosynthesis (A) and stomatal conductance (gs) and growth in 
temperate ecosystems (Ainsworth et al., 2012).  
Effects of ozone on plant productivity 
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 The most important and well-documented environmental effects of O3 are those on 
terrestrial vegetation. Ozone has been shown to reduce crop production, tree growth and carbon 
sequestration, and to modify species composition of plant communities (Ashmore, 2005; EPA 
2006). Ozone affects plants by diffusing into the intercellular space of the leaf mesophyll via the 
stomata. Once inside the leaf, O3 reacts with water and solutes, including ascorbic acid, 
phenolics, transition metals, and thiols in the apoplast and is rapidly converted to other reactive 
oxygen species (ROS; Long and Naidu, 2002; Kangasjarvi et al., 2005). The major control points 
of the downstream effect of O3 on net primary productivity (NPP) are the rate of penetration into 
the leaf and the leaf’s capacity to withstand the ROS generated inside the leaf from the O3 
(Musselman and Massman, 1999; Eller and Sparks, 2006). 
 Early symptoms of chronic O3 exposure include reduced photosynthetic capacity, 
associated loss of ribulose-1,5-bisphosphate carboxylase oxygenase (Rubisco) content and 
activity, and reduced stomatal conductance, accompanied by a down-regulation of 
photosynthetic genes and up-regulation of genes involved in tissue senescence and/or cell death 
(Long and Naidu, 2002; Ashmore, 2005; Fiscus et al., 2005).  Decreases in primary metabolism 
are compounded by the increased expenses of protection against O3 exposure which occur by up-
regulation of ROS scavenging systems in the apoplast and within the cell (Laurence et al., 1994).  
Plants growing in elevated [O3] often have higher rates of mitochondrial respiration, potentially 
needed for O3-generated ROS detoxification and repair of cellular damage (Dizengremel et al., 
2008; Gillespie et al., 2012). This myriad of alterations in carbon partitioning to stress-induced 
metabolic pathways and the down-regulation of photosynthesis characteristically result in altered 
resource allocation and lower total biomass accumulation (Laurence et al., 1994). Ozone 
exposure often induces foliar damage and leaf senescence, leading to increased protein turnover 
(Bergmann et al., 1999) and represents lost opportunities for carbon gain (Pell et al., 1999). 
These shifting metabolic demands under chronic O3 exposure can alter yield responses through 
source-sink relations, commonly reducing root biomass (Anderson, 2003; Fiscus et al., 2005; 
Ainsworth et al., 2012). In concert, the O3 responses discussed above are energetically expensive 
for the exposed plant, which have repercussions for the growth, health, biomass and productivity 
of crops, wild plants, and ecosystems (Ainsworth et al., 2012). 
Ozone exposure-responses of soybean and maize 
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 Globally, there are many important agricultural production areas that are at risk from 
increasing O3 pollution (Flückiger et al., 2002; Fiscus et al., 2005; Holland et al., 2006; Tong et 
al., 2007; Booker et al., 2009;  Emberson et al., 2009;  Feng & Kobayashi, 2009; Dentener et al., 
2010). One of the regions being exposed to some of the highest background [O3] is the 
Midwestern United States (Fig. 1.2a; Prather et al., 2001). Within the Midwest, the “Corn Belt” 
growing region (including Illinois, Indiana, Iowa, eastern South Dakota and Nebraska, western 
Kentucky and Ohio, and the northern two-thirds of Missouri) produces 34% of the world’s 
soybean and 38% of maize crops (USDA FAS), with the top producing states, Illinois and 
Indiana, typically accounting for over one-third of the U.S. crop (Figure 1.2b; USDA NASS). 
This region is already potentially losing 10% of its soybean production to O3 (Tong et al., 2007; 
Fishman et al., 2010). In the whole United States, agronomic crop losses are estimated to range 
from 5-15% of yield potential (Finlayson-Pitts and Pitts, 1997), to cost over $3 billion in 2000, 
and to increase with increasing [O3] (Avnery et al., 2011a).  
 Current estimates for large-scale yield losses are made by linking O3 exposure-response 
functions defined by the National Crop Loss Assessment Network (NCLAN) and European 
Open Top Chamber (EOTC) experiments to the hourly estimates of [O3] predicted by global 
chemistry transport models (Ainsworth et al., 2012). The NCLAN studies were conducted in the 
1980s (see review by Heagle et al., 1989), while the EOTC studies were conducted from1986-
1991 at 13 sites in 8 countries (see review by Jager et al., 1992). The NCLAN results produced 
mean annual soybean yield loss estimates of 3-10% for seasonal mean concentrations of 50 ppb, 
and indicated potential cultivar variability (Heagle et al., 1989). The EOTC studies were 
conducted on a variety of crops, including wheat, barley, beans, and pasture (Mauzerall and 
Wang, 2001) and results indicated yield reductions were highly correlated with cumulative 
exposure to O3 above a threshold of 30–40 ppb during daylight hours (Fuhrer, 1994). The yield 
loss models utilizing the NCLAN and EOTC exposure-response functions predict current yield 
losses of 3-5% for maize and 6-16% for soybean (Van Dingenen et al., 2009). 
 While the soybean response to increasing [O3] has been examined for decades, 
comparable experimental studies on maize are fewer and farther between. This disproportionate 
lack of attention has been due to the assumption that low stomatal conductance from the high 
water use efficiency of C4 photosynthesis causes maize to be practically insensitive to current 
background [O3] (Heagle et al., 1979; Kress & Miller, 1985; Heagle, 1989; Volin et al., 1998). 
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However, these assumptions have been called into question by recent experimental work and 
meta-analyses (Leitao et al., 2007a, 2007b, 2007c; Mills et al., 2007; Leisner & Ainsworth, 
2012), particularly in the context of field-grown maize with its high rates of photosynthesis and 
stomatal conductance (Leakey et al., 2006b). 
Free Air Ozone Enrichment 
Free Air gas Concentration Enrichment (FACE) technology avoids the artifacts caused by 
enclosed chambers and has been used since the 1990s to examine the crop responses to elevated 
[O3] (~25-50% above ambient). FACE technology allows for large-scale, fully open-air 
experiments in which plants, usually agronomic crops, are exposed to elevated concentration of 
CO2 and/or O3 under agronomic conditions. Instead of a confined structure like growth 
chambers, greenhouses, or open-top chambers, FACE technology uses an array of vertical or 
horizontal vent pipes to release jets of CO2 and/or O3 enriched air or pure gas at the periphery of 
the experimental plots, and natural wind and diffusion disperse the gasses across the 
experimental vegetation (Ainsworth and Long, 2005). The first FACE systems used blowers or 
fans to move CO2-enriched air into the plots (Hendrey et al. 1993; Lewin et al., 1994), while 
more recent iterations, such as SoyFACE in Urbana-Champaign, IL (Morgan et al. 2004; Rogers 
et al. 2004), use a technique in which pure CO2 and/or air enriched with O3 is released as high-
velocity jets through numerous small perforations in emission tubes positioned horizontally at 
the periphery of an octagonal FACE plot (Miglietta et al., 2001; Okada et al., 2001). FACE 
provides good temporal and spatial control of CO2 and/or O3 concentrations throughout crop 
canopies and relatively young, homogenous plantation forests (Hendrey et al., 1999).  Ozone 
FACE studies have been conducted on soybean (Morgan et al., 2006; Dermody et al., 2008), 
wheat (Zhu et al., 2011), and rice (Pang et al., 2009; Shi et al., 2009).  
A common response of all these species to elevated [O3] in the field was a loss of net 
assimilation from significantly decreased leaf level photosynthetic rates and significantly 
decreased leaf area (Morgan et al., 2004; Dermody et al., 2008; Pang et al., 2009; Feng et al., 
2011). Even these relatively small increases in [O3] in the FACE experiments consistently and 
significantly reduced yields in these three crops, and for soybean and wheat, decreased yield was 
primarily caused by decreases in seed and grain mass (Ainsworth et al., 2012). Responses to O3 
in FACE studies did not stop at yield, however, and in soybean the lower gs and reduced LAI 
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combined to decrease canopy evapotranspiration by 10%, which has the potential to alter the 
terrestrial hydrological cycle (Van Loocke et al., 2012). 
Another finding from the FACE and recent OTC experiments is the genetic variability of 
O3 sensitivity (Burkey and Carter, 2009; Shi et al., 2009; Zhu et al., 2011). This opens the door 
to deliberate breeding for O3 tolerance (Ainsworth et al., 2012), particularly since studies show 
that recently released germplasm is not more tolerant than older germplasm (Barnes et al., 1999; 
Ainsworth et al., 2008; Biswas et al., 2008).  
My dissertation research investigates the effects of rising tropospheric [O3] on current 
and future soybean and maize production across multiple agronomic genotypes, growth 
conditions, and spatial scales. Chapter 2 focuses on the physiological effects of rising 
tropospheric [O3] on current and future soybean production by using FACE technology to double 
the concentration of ambient [O3] and to describe intraspecific variation in recently-released 
soybean cultivar responses to O3. This study tests the hypotheses that there is significant cultivar 
variation in the response of soybean seed yield and physiological traits to growth at elevated 
[O3].  It also aims to identify the interrelationship of growth, metabolic and yield responses to 
[O3] by measuring photosynthetic gas exchange, leaf area index, leaf chlorophyll content and 
leaf antioxidant capacity during two growing seasons, and correlating that with changes in seed 
yield.  The data from 2007 and 2008 are combined to estimate ozone exposure response 
functions for six soybean cultivars. 
Chapter 3 is a multi-faceted, experimental approach to determine the exposure-response 
of soybean to elevated tropospheric [O3] using FACE technology. This study also aims to 
understand how components of those altered yields may vary by measuring biochemical and 
physiological responses and agronomic yield on the same cohort of plants, within one location, 
across two growing seasons, under fully open-air agricultural conditions.  This study also takes 
diurnal measurements of A, gs, and relative abundance of photosynthetic transcripts before and 
after initiation and termination of daily O3 fumigation to test the hypothesis that O3 exposure 
instantaneously affects soybean photosynthesis or that acute [O3] initiates a rapid transcriptional 
response that impacts photosynthetic rates. The hypothesis that soybean productivity will have a 
negative linear response to increasing [O3] is tested by measuring photosynthetic carbon (C) 
uptake, leaf area accumulation, and seed yield.  It was also hypothesized that the synthesis of one 
set of metabolites might divert resources away from the synthesis of other sets of metabolites 
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(Stitt et al., 2010), so metabolite profiling is employed to identify shifts between primary 
metabolism and defense.   
Finally, chapter 4 uses multiple linear regression analysis with historical yield data, 
ground-level O3 estimates, soil moisture and temperature data, to model the effects that O3 has 
had on Midwest soybean and maize production over the past 30 years and test the hypothesis that 
current ambient [O3] are sufficient to decrease regional maize and soybean crop yields. 
 Overall, this work will deliver physiological tools to identify O3 tolerant soybean 
germplasm, identify and characterize an O3 exposure-response for soybean under fully open-air 
field conditions, and provide estimates of regional (Midwestern USA) crop yield losses due to 
ambient [O3] over the past thirty years. 
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Figure 1.1 Year-to-year variation in summer growing season [O3] in east-central Illinois 
measured at the SoyFACE facility in Urbana-Chamapign, IL from 2002 to 2011. 8 hour daily 
mean [O3] in parts per billion (ppb) for each day is shown in black circles, and the growing-
season-long mean for each year is shown in each panel as a red broken line and in ppb as red text 
in each panel. 
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Figure 1.2 The Midwestern United States is one of the regions being exposed to some of the 
highest background [O3]. Panel A shows an example of the daily peak ozone for June 7, 2011, as 
recorded by the EPA AIR NOW air pollution monitoring and public outreach program 
(http://airnow.gov/).  Within the Midwest, the “Corn Belt” growing region produces 34% of the 
world’s soybean and 38% of maize crops. Within the Midwest the region exposed to the highest 
levels of O3 is also the region of greatest maize and soybean production. Panel B shows the yield 
per harvested acre by county of soybean across the United States in 2011. 
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CHAPTER 2 
BIOCHEMICAL, PHYSIOLOGICAL, AND YIELD VARIATION IN SOYBEAN 
CULTIVAR RESPONSES TO CHRONIC ELEVATED [O3]. 1 
 
Introduction 
Tropospheric ozone concentrations ([O3]) have more than doubled in the past 50 to 100 
years (Staehelin et al., 1994; Vingarzan 2004) and O3 is the most directly damaging air pollutant 
to plants (Ashmore 2005; EPA 2006).  Crop losses to O3 damage in 2000 have been estimated to 
cost $1.8 billion to $3.9 billion in the U.S. and $3.0 billion to $5.5 billion in China (Van 
Dingenen et al., 2009).  This challenge provides an opportunity to develop improved O3 
tolerance in sensitive crop species (Fiscus et al., 2005; Ainsworth et al., 2008).  
Soybean [Glycine max (L.) Merr.] is among the more O3-sensitive crops (Heagle 1989; 
Morgan et al., 2003).  A meta-analysis of 53 published studies investigating O3 effects on 
soybean showed that when grown at 60 ppb [O3], soybean above-ground biomass was reduced 
by 40% when compared to plants grown in charcoal-filtered air (Morgan et al., 2003).  
Supporting that synthesis, an increase in 7-hr mean daytime [O3] from 30 ppb to 60 ppb was 
estimated to reduce soybean yields by ~16% (Ashmore 2002).  Recent results from Free Air 
Concentration Enrichment (FACE) of soybean with elevated [O3] suggest that soybean yields are 
even more sensitive to elevated [O3] than previously predicted (Morgan et al., 2006).  Seed yield 
of the commercial cultivar Pioneer 93B15 was reduced by 20% when [O3] was increased from an 
8h growing season average of 50 ppb to 63 ppb (Morgan et al., 2006). 
The sensitivity of soybean to [O3] is well established, yet there is also significant 
intraspecific variation in the response to elevated [O3] (Lee et al., 1984; Mulchi et al., 1988; Foy 
et al., 1995; Heagle, Miller & Pursley 1998; Robinson & Britz 2000; Cheng et al., 2007). Howell 
et al. (1979) reported significant cultivar differences in seed yield response to ambient [O3].  
                                                 
1 This chapter appeared in its entirety in the journal of Plant, Cell and Environment and is 
referred to later in this dissertation as “Betzelberger et al. 2010”. Betzelberger AM, Gillespie 
KM, McGrath JM, Koester RP, Nelson RL, Ainsworth EA (2010) Effects of chronic elevated 
ozone concentration on antioxidant capacity, photosynthesis and seed yield of 10 soybean 
cultivars. Plant, Cell and Environment 33: 1569–1581. This article is reprinted with the 
permission of the publisher and is available online at http://onlinelibrary.wiley.com using 
DOI:10.1111/j.1365-3040.2010.02165.x. 
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Ozone tolerance has been linked to differences in antioxidant capacity (Gupta et al., 1991; 
Skarby et al., 1998; Chernikova et al., 2000; Robinson & Britz 2000; Cheng et al., 2007) and 
flux of O3 into the leaf (Fiscus et al., 2005; Dizengremel et al., 2009).  Flux of O3 into the leaf is 
controlled by stomatal conductance (gs), which is often decreased by elevated [O3] as a result of 
reduced photosynthesis (McKee et al., 1995; Fiscus et al., 1997). While much research has 
focused on studying physiological and biochemical responses that provide O3 tolerance, no 
specific genetic or physiological markers for O3 tolerance have emerged (Fiscus et al., 2005).  
There have been some recent successes in identifying QTL associated with O3 tolerance in rice 
(Frei et al., 2008; 2010b), but to date, little progress has been made in identifying either 
physiological or molecular markers for O3 tolerance in soybean.   
In the current study, ten different soybean cultivars were grown at elevated [O3] from 
germination through maturity at the Soybean FACE (SoyFACE) experiment in 2007 and a 
follow-up study of six of those cultivars was done in 2008.  These cultivars are adapted to central 
Illinois growing conditions and showed variability in yield response to O3 in preliminary tests 
(R. Nelson, unpublished).  The prediction that there is significant cultivar variation in the 
response of soybean seed yield and physiological traits to growth at elevated [O3] was tested.  An 
additional aim of the study was to identify the interrelationship of growth, metabolic and yield 
responses to [O3].  Therefore, photosynthetic gas exchange, leaf area index, leaf chlorophyll 
content and leaf antioxidant capacity were measured during two growing seasons, and correlated 
with changes in seed yield.  Using data from 2007 and 2008, ozone exposure response functions 
were defined for six soybean cultivars. 
Methods 
Experimental Site and Plant Growth Conditions 
The SoyFACE facility is located on 32 ha near Champaign, IL, USA (40°02′N, 88°14′W, 
228 m above sea level; http://www.soyface.uiuc.edu). Soybean [Glycine max (L.) Merr.] and 
maize (Zea mays) are each planted on half of the area and rotated annually. The field was 
fertilized as per standard regional agronomic practice. Meteorological data, including air 
temperature (Fig. 2.1a, b), incident maximum photosynthetic photon flux density (PPFD; Fig. 
2.1c, d), and rainfall (Fig. 2.1e, f) were measured on site (described in Leakey et al., 2004).  
The experiment was a randomized complete block design (N=4), with each block 
containing two treatments: 20 m diameter octagons at the ambient [O3] for 2007 & 2008 or at 
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elevated [O3]. The fumigation system, based on the design of Miglietta et al., (2001), added O3 
as a fixed proportion of the instantaneous background [O3] measured in the control plots 
(Morgan et al., 2004). The fumigation target was twice the ambient concentration (Fig. 2.2a, b), 
with the maximum fumigation concentration capped at 150 ppb. The 8 hr growing season 
average [O3] was 46.3 ppb and 37.9 ppb in ambient plots in 2007 and 2008 and 82.5 ppb and 
61.3 ppb in elevated plots in 2007 and 2008, respectively (Fig. 2.2a, b). Ozone was not added at 
night or when leaves were wet.  This treatment significantly increased the cumulative dose of O3 
experienced by the crop, as measured by the accumulated exposure over a threshold of 40 ppb 
(AOT40; Fig. 2.2c, d) and sum of hourly average [O3] greater than or equal to 60 ppb (SUM06; 
Fig. 2.2e, f). 
In 2007, 10 indeterminate soybean cultivars (Table 2.1) were planted in plots 8 rows wide 
and 2.7 m long, with 0.38 m row spacing on 22 May (DOY 142).  In 2008, six of those cultivars 
(Table 2.1) were planted on 17 June (DOY 169) in plots that were 8 rows wide and 5.4 m long, 
with 0.38 m spacing. After maturity, the plots were trimmed to 2.1 m in 2007 and 4.9 m in 2008 
and the center 6 rows were harvested on 2 October 2007 and 29 October 2008 to measure seed 
yield.  Ozone fumigation began on 4 June 2007 (DOY 155) and 11 July 2008 (DOY 193) and 
ended on 21 September 2007 (DOY 264) and 13 Oct 2008 (DOY 292). Average daytime 
maximum temperature was 28.6 °C and 26.7 °C during the growing season in 2007 and 2008, 
with nighttime minimum temperature averaging 16.0 °C and 15.4 °C in 2007 and 2008, 
respectively (Fig. 2.1a, b). Average maximum photosynthetic photon flux density (PPFD) was 
1885 µmol m-2 s-1 in 2007 and 1778 µmol m-2 s-1 in 2008 (Fig. 2.1c, d), and total seasonal 
precipitation was 233 mm in 2007  and 437 mm in 2008 (Fig. 2.1e, f). 
Leaf Area Index, Relative Chlorophyll Content, Photosynthetic Gas Exchange and Chlorophyll 
Fluorescence 
Throughout the growing seasons of 2007 and 2008, leaf area index (LAI), relative 
chlorophyll content, photosynthetic gas exchange and chlorophyll fluorescence were measured. 
Approximately every two weeks, LAI was measured nondestructively with a plant canopy 
analyzer (LAI-2000, Li-Cor, Lincoln, NE, USA), which calculates LAI using a fisheye optical 
sensor that measures radiation attenuation through the canopy (Welles & Norman 1991). 
Measurements were made just after sunrise or before sunset when radiation was diffuse. 
Readings for each plot were made along a pair of diagonal transects between the rows using the 
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45º view cap. Each transect consisted of one above canopy reading followed by three below 
canopy readings made at evenly spaced intervals along and across the row. The first transect was 
made with the sensor looking parallel to the row and the second transect was made with the 
sensor looking perpendicular to the row. 
Every two weeks, relative chlorophyll content was measured on three fully expanded 
leaves at the top of the canopy within each cultivar and plot with a SPAD meter (Minolta SPAD-
502, Osaka, Japan). In order to calibrate the SPAD values with actual chlorophyll content, SPAD 
readings and leaf samples from 60 randomly selected plants from all genotypes were taken. 
Chlorophyll was extracted from leaves in chilled 100% methanol (Porra et al., 1989). 
Absorbance of methanol extracts was measured in a 96-well plate reader (HT-Synergy, Bio-Tek, 
Winooski, VT, USA) at 666, 653 and 470 nm. Chlorophyll a and chlorophyll b content were 
calculated according to Lichtenthaler (1987). The relationship between SPAD and total 
chlorophyll content was best described by an exponential function, y = 0.089e (0.0411x), where y is 
the chlorophyll content (g m-2) and x is the SPAD reading (Uddling et al., 2007). This function 
was subsequently used to calculate chlorophyll content from the SPAD readings. 
Midday gas exchange and chlorophyll fluorescence of fully expanded leaves at the top of 
the canopy were measured on four dates in 2007, spanning vegetative and reproductive 
development, using four to six open gas-exchange systems with integrated modulated 
chlorophyll fluorometers (LI-6400 and LI-6400-40; Li-Cor) following the methods of Bernacchi 
et al., (2006) and Leakey et al., (2006a). Gas exchange systems were calibrated every 30-45 days 
using certified gas with a known CO2 concentration with 21% oxygen and nitrogen as balance 
(S.J. Smith, Champaign, IL, USA), and controlled water vapor concentrations generated with a 
humidification system (LI-610 Portable Dew Point Generator; Li-Cor). In the field, one gas-
exchange system was operated within each of the four experimental blocks, which consisted of 
one ambient and one elevated [O3] treatment. Two systems were first used in ambient plots, 
while the other two were first used in the elevated [O3] plots. Each system was then moved to the 
alternate [O3] treatment within the block. Three plants of each cultivar were measured in each 
plot. Measurements of chlorophyll fluorescence and gas exchange were made at ambient [CO2] 
(~385 ppm), ambient air temperature and incident photosynthetically active photon flux. Leaf 
photosynthesis (A), gs, and intercellular [CO2] (ci) were calculated using the equations of von 
Caemmerer and Farquhar (1981). The photochemical efficiency of photosystem II (Fq'/Fm') was 
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determined by measuring steady-state fluorescence and maximum fluorescence during a light-
saturating pulse of ~6500 µmol m−2 s−1 following the procedures of Genty et al. (1989). 
In 2008, gas exchange was measured during vegetative growth on 31 July 2008 
(vegetative stage 7; Fehr et al., 1971).  The most recently fully expanded leaves at the top of the 
canopy and also more mature leaves, approximately 2 nodes down from the most recently fully 
expanded leaves were measured.  Both cohorts of leaves were at or near the top of the canopy, 
receiving direct light. 
Tissue Sampling and Biochemical Analyses 
Leaf tissue samples for measuring total antioxidant capacity and phenolic content were 
taken once during vegetative growth (6 July 2007, DOY 187) and once during the seed filling 
stage of reproductive growth (21 August 2007, DOY 233). Leaf discs (~1.2 cm2) were excised 
from fully expanded leaves at the top of the canopy, plunged immediately into liquid N, and then 
stored at -80 ºC. Five plants per cultivar per plot were sampled for total antioxidant capacity 
measurements and three plants per cultivar per plot were sampled for phenolic content. 
Additional discs from the same plants were removed and oven-dried at 70 ºC for calculation of 
specific leaf mass.  
Total antioxidant capacity was assessed with the oxygen radical absorbance capacity 
(ORAC) assay, which measures antioxidant inhibition of peroxyl radical–induced oxidations, 
according to the methods of Gillespie et al. (2007). Total phenolic content was measured with a 
Folin-Ciocalteu assay following the protocol of Ainsworth & Gillespie (2007). 
Statistics 
Statistics were performed on plot means for all variables. The effect of elevated [O3] on 
different cultivars was analyzed with a randomized complete block split-plot mixed model 
analysis of variance, with the Satterthwaite option (Proc MIXED, SAS 9.1, SAS Institute, Cary, 
NC). In all tests, [O3] and cultivar were fixed effects and block a random effect. In tests of 
physiological and biochemical variables, day of year was considered as a fixed effect, although 
when analyzed with repeated measures, the statistical outputs were similar. For the 2008 
photosynthesis data, leaf age was also considered as a fixed effect in the ANOVA model.  The 
relationship between seed yield and physiological or biochemical variables, and seed yield and 
AOT40 was assessed by linear regression (Proc REG, SAS 9.1).   
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Results 
Seed Yield 
 Elevated [O3] significantly reduced soybean seed yield from 3237 kg ha-1 to 2782 kg ha-1 
(17.2%) when averaged across six cultivars and two growing seasons (F = 102.9, p < 0.0001; 
Table 2.2).  Yields were significantly higher in 2008 compared to 2007 (F = 111.0, p < 0.0001).  
When both years were included in the statistical model, there was not a statistically significant 
cultivar x O3 (F = 1.81, p = 0.12) or year x cultivar x O3 interaction (F = 1.08, p = 0.378).  
However, in 2007, when ten cultivars were available for the analysis, there was a significant 
cultivar x O3 interaction for the seed yield response of soybean cultivars to elevated [O3] (F = 
2.12, p < 0.05), with yield decreases ranging from 11 % in Loda to 37 % in IA-3010 (Table 2.2).  
In both 2007 and 2008, IA-3010 was the most sensitive to elevated [O3], but there was little 
consistency in the ranks of the other cultivars (Table 2.2). 
 Exposure response relationships were analyzed for seed yield vs. AOT40 for the six 
cultivars that were studied in both 2007 and 2008 (Fig. 2.3).  The slope of the linear regression 
indicated that IA-3010 had the greatest yield loss per increase in AOT 40, supporting the results 
from the ANOVA.   The yield response relationships also indicated that Loda and Pana were 
more tolerant to [O3] than IA-3010, and the slopes of the regressions were different from the 
slope of IA-3010 (p < 0.1).   
Physiological Responses 
 All soybeans cultivars in both ambient and elevated [O3] reached peak LAI on 
approximately 1 Aug 2007 (DOY 214; Fig. 2.4) and 17 Aug 2008 (DOY 230; Fig. 2.5). There 
was a significant effect of O3 on LAI when averaged across all time points and cultivars in 2007 
(Table 2.3), but peak LAI was not affected by elevated [O3] in any cultivar except Holt.  In 
contrast, in 2008, peak LAI was reduced by elevated [O3] in IA-3010, LN97-15076, Loda and 
Pana (Fig. 2.5).  There was also a significant interaction of [O3] x time in 2007 (Table 2.3). 
Dwight, Holt, HS93-41118, LN97-15076, Loda and NE3399 showed significant decreases in 
LAI after the peak in August, while Holt and IA3010 showed reduced LAI earlier in the season 
(Fig. 2.4). Other cultivars (A3127, Clark and Pana) showed very little response of LAI to 
elevated [O3] in 2007 (Fig. 2.4). Similar variability in cultivar LAI responses was measured in 
2008 (Fig. 2.5). 
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 Chlorophyll content in upper canopy leaves peaked in August (DOY 220-240) for all 
cultivars in 2007 and slightly later (DOY 240-260) in 2008 (Fig. 2.6; Fig. 2.7). At the beginning 
of September 2007 (DOY 248), significant differences in chlorophyll content and senescence 
between ambient and elevated [O3] were apparent in some cultivars (Fig. 2.6). There was 
significant intraspecific variation in the response of relative chlorophyll content (Table 2.3). 
Leaves of Dwight, IA3010, LN97-15076, Loda, NE3399 and Pana all showed increased rates of 
net chlorophyll degradation at the end of the growing season when grown at elevated [O3] 
compared to ambient conditions (Fig. 2.6). A3127, Clark, and Holt showed no significant 
differences in relative chlorophyll content at any time in the growing season (Fig. 2.6).  Similar 
trends in chlorophyll content were measured in 2008 (Fig. 2.7). 
 Elevated [O3] A by 11% and gs by 15% when averaged across all cultivars and time 
points in 2007 (Fig. 2.8, Table 2.3). Cultivars also differed in their photosynthetic rate (Table 
2.3); however, there was no significant [O3] x cultivar interaction (Table 2.3). Photosynthetic 
differences between ambient and elevated [O3] on leaves of the same age across the growing 
season were greatest at the end of the growing season when there was evidence for increased 
rates of senescence in the elevated [O3] plots (Fig. 2.8). The operating efficiency of photosystem 
II (Fq'/Fm') was similarly decreased by elevated [O3] (Table 2.3), and the pattern across the 
season was similar to the pattern of net photosynthesis (data not shown). 
 In 2008, A was measured in two leaf cohorts during vegetative growth, and there was a 
significant [O3] x leaf cohort interaction (F = 13.01, p < 0.001; Fig. 2.9).  In ambient [O3], there 
was no difference in A in the youngest most fully expanded leaves and in older leaves two nodes 
down, while in elevated [O3], the older leaves had significantly lower rates of A (Fig. 2.9). While 
the 3-way interaction of cultivar x [O3] x leaf cohort was not significant, individual pair-wise 
comparisons within cultivars indicated that IA-3010, the most sensitive cultivar in terms of seed 
yield, was also relatively sensitive to [O3] in terms of photosynthetic capacity (Fig. 2.9). 
Antioxidant Capacity and Total Phenolic Content  
 The total antioxidant capacity and total phenolic content of sunlit leaves of soybean 
cultivars was measured once during vegetative growth (6 July 2007) and once during 
reproductive growth (21 Aug 2007; Table 2.4). There was a significant effect of time on the total 
antioxidant capacity and total phenolic content (Table 2.3). There was also a significant time x 
[O3] interaction on total antioxidant capacity (Table 2.3). During vegetative growth, total 
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antioxidant capacity was not affected by growth at elevated [O3], but, in 3 of the 10 cultivars, 
total antioxidant capacity was higher in leaves exposed to elevated [O3] when sampled during 
reproductive growth (Table 2.4). Cultivars also showed significant differences in total phenolic 
content, but the O3 treatment had no significant effect on total phenolic content (Table 2.3).  
Correlations with Seed Yield 
 A number of variables showed significant correlations with seed yield (Fig. 2.10). Late 
season measurements of relative chlorophyll content, gs, A, and Fq'/Fm' all showed strong, 
positive correlations with seed yield in 2007 (Fig. 2.10). Total antioxidant capacity (ORAC), 
when measured during reproductive growth (21 Aug 2007), showed a significant, negative 
correlation with both photosynthetic rate and seed yield in 2007 (Fig. 2.10), indicating a potential 
shift in the carbon balance between antioxidant metabolism and carbon gain.  In 2008, A of older 
leaves measured during vegetative growth was significantly correlated with seed yield (Fig. 
2.10). 
Discussion 
Ozone is highly dynamic across time and space, making it difficult to identify O3 tolerant 
germplasm in traditional field trials. The SoyFACE experimental site provided the opportunity to 
grow ten soybean cultivars under field conditions at elevated [O3]. Under these unique 
conditions, significant variability among these cultivars was demonstrated, indicating the 
presence of genetic variation in soybean seed yield tolerance to [O3]. This is consistent with the 
findings of previous studies, many of which have compared soybean yields at elevated [O3] to 
yield in charcoal filtered air (Mulchi et al., 1988; Heagle et al., 1998; Morgan et al., 2003; 
Jaoude et al., 2008). An investigation of 30 ancestral soybean lines reported significant 
variability in foliar injury with growth at elevated [O3], with Midwestern cultivars predicted to 
have a wider spread of [O3] injury than Southern cultivars (Burkey and Carter 2009). Our study 
of ten Midwestern cultivars revealed that an elevation of [O3] to 82 ppb significantly reduced 
soybean seed yield by an average of 23 % across all ten cultivars.  In 2008, yields were not 
reduced by as much, only 12 %, but the season average elevated [O3] was more than 20 ppb 
lower than in 2007. In both years of the study, IA-3010 was the most sensitive cultivar to [O3], 
with reductions in yield of 1265 kg ha-1 in 2007 and 538 kg ha-1 in 2008.  Regression analysis of 
the exposure response of IA-3010 also indicated that it was the most sensitive to the ozone 
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concentrations applied in this study (Table  2.2). The exposure response analysis also indicated 
that Loda and Pana were more tolerant to ozone than IA-3010. 
The next step was to determine the interrelationship of the measured physiological and 
biochemical parameters with yield.  In 2007, several measured variables showed significant 
correlation with absolute seed yield at elevated [O3], including A, gs, Fq'/Fm' and chlorophyll 
content (Fig. 2.10). However, these variables were measured late in the growing season, and 
therefore, have limited utility as markers.  In 2008, photosynthesis was measured on two cohorts 
of leaves early in the growing season and a significant correlation between seed yield and 
photosynthesis in older leaves was apparent (Fig. 2.10).  Plants were at approximately the V7 
stage of development when measurements were taken in 2008, but it is possible that A in mature 
leaves may correlate with yield even earlier in the growing season.  A previous analysis of 12 
soybean cultivars from maturity groups III, IV and V demonstrated significant correlations 
among net assimilation rate, relative growth rate, and leaf expansion rate in beans exposed to 
elevated [O3], but none of those parameters correlated with percent change in seed yield (Mulchi 
et al., 1988).  It is possible that the measures taken by Mulchi et al., (1988) were less sensitive 
than the measures used in the current study. Additionally, many of the parameters in the current 
study that correlated with yield were measured later in the growing season, or on older leaves, 
which had been exposed to the ozone treatment for a longer period of time. Like Mulchi et al., 
(1988), there were no statistically significant differences in our measurements taken from the top 
of the canopy during vegetative growth.  
In 2007, the effect of O3 on photosynthesis was greatest at the end of the growing season 
when eight of the ten cultivars had significantly lower photosynthetic rates at elevated [O3].  In 
2008, older leaves had a lower rate of photosynthesis on average across six cultivars during 
vegetative growth (Fig. 2.9).  Previous studies have also found that photosynthetic damage was 
more pronounced when plants and/or leaves were older (Mulchi et al., 1992; McKee et al., 1995; 
Booker et al., 1997; Fiscus et al., 1997; Morgan et al., 2006) and elevated [O3] accelerated the 
process of senescence (Pell et al., 1997; Miller et al., 1998; Long & Naidu 2002).  The 
chlorophyll data support the observation that elevated [O3] accelerated senescence in the 
majority of cultivars that were investigated in 2007 and 2008 (Figs. 2.4-7).  Further evidence for 
the role of accelerated senescence in determining the response of photosynthesis to elevated [O3] 
comes from the cv. Clark, in which photosynthetic rate was not significantly different in Clark 
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when measured at ambient and elevated [O3] at the end of the season, nor was there any change 
in leaf chlorophyll content.   
Three cultivars with the greatest yield loss in elevated [O3] in 2007, IA-3010, LN97-
15076 and NE3399, also showed significant decreases in photosynthetic carbon gain at the end 
of the season (Fig. 2.8). These decreases in photosynthesis occurred during seed filling 
simultaneous with accelerated senescence in all three cultivars, and decreases in LAI in LN97-
15076 and NE3399.  Fewer live leaves and decreased photosynthesis in the late grain filling 
period appeared to drive the O3-induced losses in production and yield in another Midwestern 
soybean cultivar (Pioneer 93B15; Morgan et al., 2006).  Although many of the more tolerant 
cultivars also showed decreases in photosynthesis, chlorophyll content, and/or LAI during seed 
filling, including the most tolerant cultivar in 2007, which showed decreases in all three 
parameters, the extent of the decrease is important in deciding if other mechanisms are necessary 
to explain the differences in yield. This also suggests that there are various mechanisms of 
tolerance to O3 within the soybean germplasm. The data support the hypothesis that relatively 
subtle depressions in A accumulate over the season to reduce soybean capacity for remobilization 
of photosynthate and protein for seed filling. Previous work with wheat showed that ΦCO2 was 
decreased in old leaf tissue, while Fq′/Fm′ increased, possibly to provide increased energy for 
reducing equivalents for free radical-scavenging systems (Nie et al. 1993). A positive intercept 
of the relationship between Fq′/Fm′ versus ΦCO2 under photorespiratory conditions is consistent 
with alternative electron sinks, and the intercept was significantly higher (0.035 versus 0.064) in 
soybean grown at elevated [O3] (Fig. 2.11). While photorespiration likely constitutes the largest 
alternative electron sink (Ort & Baker 2002), it seems unlikely that photorespiration would 
increase at elevated [O3], and recent work suggests that O3 inhibits photorespiration in some 
species (Bagard et al., 2008). Therefore, the shift in the relationship between Fq′/Fm′ versus 
ΦCO2 supports the hypothesis that there may be shifts in the carbon balance between energy 
expended on carbon gain and antioxidant metabolism. 
Total antioxidant capacity (ORAC), when measured during reproductive growth (21 Aug 
2007, DOY 233), showed a significant, negative correlation with photosynthesis and seed yield 
(Fig. 2.10), suggesting a possible shift in the carbon balance between antioxidant metabolism and 
carbon gain.  The total antioxidant capacity of cells is collectively constituted by the range of 
enzymatic and non-enzymatic antioxidant mechanisms that plants have evolved (Larson, 1988; 
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Ghisseli et al., 2000). Apoplastic antioxidant capacity is a primary protectant from O3 damage 
(Kangasjarvi et al., 2005) and a common response to O3 is an increase in a plant’s capacity to 
scavenge active oxygen species, both inside and outside the cell (Long & Naidu 2002). Variation 
among species and genotypes in tolerance to various environmental stresses has been linked to 
leaf antioxidant capacity and metabolism (Blokhina et al., 2003; Scebba et al., 2003; Huang & 
Guo 2005; Nayyar & Gupta 2006). ORAC is a measure of general antioxidant capacity (Cao et 
al., 1993) and has the potential to be a useful phenotypic marker of stress tolerance (Gillespie et 
al., 2007), although it has so far only been predictive when measured late in the growing season.  
Total phenolic content was not significantly correlated with yield across cultivars and O3 
treatments, but there was a significant reduction in total phenolic content in two of the more 
tolerant cultivars early in the growing season (Table 2.3).  Therefore, there may be some 
potential for developing that assay as an early-season marker of tolerance. 
In conclusion, this study demonstrated significant intraspecific variability in the soybean 
yield response to elevated [O3], and a number of key traits have been identified.  Many 
physiological and biochemical parameters only correlated with soybean yield when measured 
late in the growing season, which is not ideal for rapid screening of germplasm, but 
photosynthetic carbon uptake in older leaves measured during vegetative growth correlated with 
seed yield in 2008.  Previous study of a single soybean cultivar found that leaves formed during 
the vegetative growth stage did not show a significant ozone-induced loss of photosynthetic 
capacity as they aged (Morgan et al., 2004), but this response appears to be specific to the 
cultivar investigated and/or the variability in O3 dose within a growing season.  The O3 exposure 
response relationships determined in field-grown soybean cultivars in this study indicate that 
there has not been a significant improvement in O3- tolerance since the NCLAN assessments in 
the 1980s (Heagle, 1989).     
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Tables and Figures 
Cultivar Year of 
Release 
Maturity 
Group 
Female 
Parent  
Male 
Parent  
A3127 1977 III Williams Essex 
Clark 1952 IV Lincoln(2) Richland 
Dwight 1997 II Jack A86-303014
Holt 1992 II Sherman Harper 
HS93-4118 2000 IV IA 2007 DSR 304 
IA 3010 1998 III J285 S29-39 
LN97-15076 2003 IV Macon Stressland 
Loda 2000 II Jack IA3003 
NE3399 1999 III Holt DSR304 
Pana 1997 III Jack A3205 
 
Table 2.1 List and description of soybean cultivars used in the study. Cultivars shown in italics 
were only grown in 2007.  
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 2007 2008 Average 
 Ambient 
[O3] 
Elevated  
[O3] 
% 
Change 
Ambient 
[O3] 
Elevated  
[O3] 
% 
Change 
Ambient 
[O3] 
Elevated  
[O3] 
% 
Change 
A3127 2667 ± 181 2108 ± 75** 21.0       
Clark 2100 ± 102 1564 ± 159** 25.5       
Dwight 3052 ± 234 2306 ± 173*** 24.4 3502 ± 119 3091 ± 130* 11.7 3277 ± 148 2699 ± 179*** 17.6 
Holt 2319 ± 93 1911 ± 216* 17.6       
HS93-4118 2956 ± 173 2273 ± 86*** 23.1 3554 ± 148 3286 ± 165 7.5 3255 ± 155 2779 ± 210*** 14.6 
IA-3010 3433 ± 111 2170 ± 149*** 36.8 3353 ± 144 2815 ± 115** 16.0 3393 ± 86 2493 ± 150*** 26.5 
LN97-15076 2817 ± 67 2093 ± 119*** 25.7 3443 ± 100 3079 ± 143* 10.6 3130 ± 131 2586 ± 205*** 17.4 
Loda 2763 ± 61 2452 ± 97 11.3 3400 ± 176 2983 ± 131* 12.3 3082 ± 148 2718 ± 125** 11.8 
NE3399 2448 ± 79 1777 ± 274*** 27.4       
Pana 3113 ± 197 2552 ± 71** 18.0 3451 ± 66 3010 ± 106* 12.8 3282 ± 116 2782 ± 125*** 15.2 
Average 2767 ± 126 2121 ± 96*** 23.1 3451 ± 29 2906 ± 63*** 11.8 3237 ± 46 2782 ± 105*** 17.2 
 
Table 2.2 Seed yield (kg ha-1) and standard error of soybean cultivars exposed to ambient and elevated [O3] in 2007 and 2008. 
Significant differences between ambient and elevated [O3] within a cultivar and year are shown with asterisks. *p<0.05, **p<0.01, 
***<0.001 
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Effect 
LAI 
F, p 
Chlorophyll 
F, p 
A 
F, p 
gs 
F, p 
Fq'/Fm'  
F, p 
ORAC 
F, p 
Phenolics 
F, p 
[O3] 33.42, 0.001 45.98, <0.01 24.21, 0.016 24.07, <0.001 6.13, 0.080 1.46, 0.310 1.65, 0.205 
Cultivar 27.08, <0.001 7.78, <0.001 1.94, 0.049 1.86, 0.059 0.82, 0.603 1.65, 0.125 2.66, 0.013 
[O3] x Cultivar 0.48, 0.890 2.08, 0.047 0.96, 0.478 0.97, 0.470 0.39, 0.940 0.88, 0.553 0.88, 0.553 
Time 742.5, <0.001 298.4, <0.001 103.9, <0.001 160.3, <0.001 143.6, <0.001 5.94, 0.018 0.81, 0.371 
[O3] x Time 2.12, <0.001 10.44, <0.001 8.26, <0.001 0.84, 0.695 5.11, 0.002 6.33, 0.015 4.49, 0.039 
Cultivar x Time 2.99, 0.005 7.07, <0.001 1.83, 0.011 0.55, 0.549 1.27, 0.177 2.33, 0.026 1.12, 0.366 
[O3] x Cultivar x 
Time 
0.58, 0.993 1.21, 0.159 0.54, 0.970 0.54, 0.972 0.46, 0.991 1.11, 0.372 0.68, 0.724 
 
Table 2.3 Analysis of variance of leaf area index (LAI), chlorophyll content, photosynthetic rate (A), stomatal conductance to water 
vapor (gs), operating efficiency of photosystem II (Fq'/Fm'), total antioxidant capacity (ORAC), and total phenolic content measured in 
2007. A mixed model analysis of variance was used with [O3], cultivar and time as fixed effects and block as a random effect. 
Significant effects (p<0.05) are shown in bold. 
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 Total Antioxidant Capacity  
(mmol Trolox equivalents / g DW) 
Total Phenolic Content 
(mmol gallic acid equivalents / g DW) 
 6 July 2007 21 Aug 2007 6 July 2007 21 Aug 2007 
Cultivar Control Elevated 
[O3] 
Control Elevated 
[O3] 
Control Elevated 
[O3] 
Control Elevated 
[O3] 
A3127 0.71 ± 0.03 0.73 ± 0.03 0.54 ± 0.12 0.58 ± 0.09 0.152 ± 0.013 0.140 ± 0.036 0.134 ± 0.009 0.148 ± 0.003 
Clark 0.68 ± 0.10 0.66 ± 0.14 0.69 ± 0.06 0.67 ± 0.09 0.177 ± 0.025 0.147 ± 0.018 0.138 ± 0.002 0.111 ± 0.033 
Dwight 0.75 ± 0.09 0.69 ± 0.10 0.50 ± 0.05 0.72 ± 0.11 0.115 ± 0.014 0.108 ± 0.007 0.140 ± 0.003 0.119 ± 0.015 
Holt 0.66 ± 0.02 0.77 ± 0.09 0.71 ± 0.11 0.69 ± 0.12 0.094 ± 0.025 0.099 ± 0.022 0.115 ± 0.008 0.153 ± 0.004 
HS93-4118 0.67 ± 0.13 0.59 ± 0.13 0.63 ± 0.10 0.85 ± 0.04 0.150 ± 0.040 0.141 ± 0.031 0.155 ± 0.006 0.153 ± 0.009 
IA 3010 0.50 ± 0.13 0.60 ± 0.05 0.55 ± 0.07 0.60 ± 0.11 0.152 ± 0.029 0.136 ± 0.037 0.138 ± 0.003 0.135 ± 0.006 
LN97-15076 0.71 ± 0.08 0.65 ± 0.03 0.63 ± 0.10 0.79 ± 0.09 0.138 ± 0.014 0.126 ± 0.025 0.147 ± 0.007 0.130 ± 0.016 
Loda 0.57 ± 0.04 0.49 ± 0.07 0.60 ± 0.11 0.73 ± 0.12 0.119 ± 0.029 0.069 ± 0.003 0.097 ± 0.010 0.120 ± 0.007 
NE3399 0.57 ± 0.07 0.77± 0.05 0.60 ± 0.11 0.83 ± 0.11 0.137 ± 0.030 0.141 ± 0.018 0.125 ± 0.007 0.162 ± 0.013 
Pana 0.82 ± 0.03 0.75 ± 0.02 0.56 ± 0.10 0.67 ± 0.08 0.148 ± 0.058 0.079 ± 0.001 0.120 ± 0.005 0.120 ± 0.003 
 
Table 2.4 Antioxidant capacity and standard error of soybean cultivars exposed to ambient and elevated [O3]. Total antioxidant 
capacity was measured with the ORAC assay as Trolox equivalents per gram of dry weight. Total phenolic content was measured with 
a Folin-Ciocalteu assay and expressed as gallic acid equivalents per gram of dry weight. Samples were taken once during vegetative 
growth (6 July 2007) and once during reproductive growth (21 August 2007). Significant differences between control and elevated 
[O3] within a cultivar and time point are shown in bold text. 
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Figure 2.1 Meteorological data collected at the SoyFACE facility in Urbana, Illinois during the 
2007 and 2008 soybean growing seasons. Maximum (black line) and minimum (grey line) daily 
temperature in 2007 (a) and 2008 (b), daily maximum photosynthetic photon flux density in 
2007 (c) and 2008 (d), and precipitation in 2007 (e) and 2008 (f). 
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Figure 2.2  Ozone treatment at the SoyFACE facility in 2007 and 2008.  Eight-hour daily mean 
[O3] in 2007 (a) and 2008 (b). AOT40 (average concentration over a threshold of 40 ppb) in 
2007 (c) and 2008 (d) and Sum06 (sum of exposure over 60 ppb) in 2007 (e) and 2008 (f).  Gray 
lines show the ambient treatment and black lines show the elevated [O3] treatment.  Cumulative 
metrics, AOT40 and Sum06 were calculated according to Mauzerall & Wang (2001).  
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Figure 2.3 AOT40 yield response functions for six soybean cultivars grown in 2007 (circles) and 
2008 (triangles). White symbols show ambient [O3], and black symbols show elevated [O3]. 
Relationships between AOT40 and yield were determined by linear regression.
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Figure 2.4 Leaf area index (LAI) of ten soybean cultivars exposed to ambient (white symbols) or 
elevated [O3] (black symbols) over the course of the 2007 growing season. The mean LAI ± 
standard error for each time point is shown. Significant differences within a cultivar and time 
point are illustrated with an asterisk (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 2.5  Leaf area index (LAI; mean ± standard error) of six soybean cultivars exposed to 
ambient (white symbols) and elevated [O3] (black symbols) over the 2008 growing season.  
Significant differences within cultivar and time point are illustrated with asterisks (*p<0.05, 
**p<0.01, ***p<0.001). 
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Figure 2.6 Total chlorophyll content (mean ± standard error) of mature upper canopy leaves 
measured from ten soybean cultivars exposed to ambient (white symbols) or elevated [O3] (black 
symbols) over the 2007 growing season. Significant differences within a cultivar and time point 
are illustrated with an asterisk (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 2.7  Total chlorophyll content (mean ± standard error) of six soybean cultivars exposed to 
ambient (white symbols) and elevated [O3] (black symbols) over the 2008 growing season.  
Significant differences within cultivar and time point are illustrated with asterisks (*p<0.05, 
**p<0.01, ***p<0.001). 
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Figure 2.8 Photosynthetic carbon uptake of ten soybean cultivars exposed to ambient (white 
symbols) or elevated [O3] (black symbols) over the 2007 grown season. Mean values ± standard 
error are shown, and significant differences within a cultivar and time point are illustrated with 
an asterisk (*p<0.05, **p<0.01, ***p<0.001).  
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Figure 2.9  Photosynthetic carbon uptake of six soybean cultivars exposed to ambient (white 
bars) or elevated [O3] (grey bars) measured on July 14, 2008.  The most recently fully expanded 
leaves (open bars) and older leaves, approximately two nodes down, (hatched bars) were 
measured.  Mean values ± standard error are shown, and significant differences within a cultivar 
are illustrated with different letters. 
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Figure 2.10 Linear regression of seed yield (kg ha-1) vs. physiological and biochemical 
parameters. Chlorophyll content was measured on 5 Sep 2007, maximum rates of photosynthesis 
(A), stomatal conductance to water vapor (gs), operating efficiency of photosystem II (Fq'/Fm'), 
and total antioxidant capacity of leaf extracts (ORAC) were measured on 21 Aug 2007. A in 
lower canopy leaves was measured on 31 July and 2 Aug, 2008. Open symbols represent mean 
values for each cultivar at ambient [O3] and closed symbols represent mean values for each 
cultivar at elevated [O3]. 
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Figure 2.11 The efficiency of whole-chain electron transport through photosystem II (Fq'/Fm' ) 
versus the efficiency of CO2 assimilation (ΦCO2) for 10 soybean cultivars grown at ambient 
(white symbols) and elevated [O3] (black symbols). Each symbol represents the cultivar 
treatment mean for one measurement date during the summer of 2007. Chlorophyll fluorescence 
was measured on four dates across the summer. Each treatment curve was fit to a linear 
regression, and slopes were compared by t-test. 
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CHAPTER 3 
OZONE EXPOSURE-RESPONSE FOR U.S. SOYBEAN CULTIVARS: LINEAR 
REDUCTIONS IN PHOTOSYNTHETIC POTENTIAL, BIOMASS, AND YIELD.2 
 
Introduction 
Modern day annual average background tropospheric ozone concentrations ([O3]) over 
the mid-latitudes of the Northern Hemisphere are more than double the levels measured over a 
century ago (Vingarzan, 2004).  Current [O3] are high enough to cause damage to crops, and 
among the four major global food crops, soybean (Glycine max [L.]Merr.) is particularly 
sensitive to O3 (Emberson et al., 2009), with models indicating reductions of global soybean 
yields by 8.5-14% in 2000 (Avnery et al., 2011a).  Background [O3] are increasing by an average 
of 0.3 ppb per year as a result of increased human activity (Wilkinson et al., 2012).  While the 
exact future [O3] will depend upon regional and global emissions, enactment and adherence to 
air quality legislation, and climate change (Stevenson et al., 2006), the potential increases in 
background [O3] are predicted to induce soybean yield losses of 9-19% by 2030 (Avnery et al., 
2011b).  
Ozone decreases crop yields by a number of different mechanisms (Fiscus et al., 2005).  
Upon entry through the stomata, O3 breaks down into other reactive oxygen species (ROS), 
which can overwhelm the antioxidant quenching capacity of the apoplast, and, at acute 
concentrations, initiate a signal transduction pathway resulting in cell death (Overmyer et al., 
2003; Kangasjarvi et al., 2005).  The effect of a burst of acute O3, typically defined to be short 
bursts of O3 over 100 ppb (Chen et al., 2009), on gas exchange has been characterized by a rapid, 
but transient decrease in stomatal conductance (gs, Kollist et al., 2007; Vahisalu et al., 2010), 
which coincides with a ROS burst in the guard cells (Vahisalu et al., 2010).  This transient 
decrease in gs is not thought to be caused by a decrease in photosynthesis in the mesophyll cells, 
as full recovery of gs is established within 30-40 minutes of the O3 treatment (Kollist et al., 
2007).  Exposure of Arabidopsis to acute [O3] also causes a suite of transcriptional changes that 
                                                 
2 This chapter appeared in its entirety in the journal of Plant Physiology and is referred to later in 
this dissertation as “Betzelberger et al. 2013”. Betzelberger A, Yendrek C, Leisner C, Nelson 
R, Ainsworth E (2013) Ozone exposure-response for U.S. Soybean cultivars: Linear reductions 
in photosynthetic potential, biomass and yield. Plant Physiology, DOI:10.1104/pp.112.205591. 
This article is reprinted with the permission of the publisher and is available online at 
http://www.plantphysiol.org using the DOI:10.1104/pp.112.205591. 
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overlap with common oxidative stress pathways (Gadjev et al., 2006).  However, chronic or 
long-term exposure of plants in the field to lower [O3] does not necessarily elicit the same 
transcriptional, or metabolite response as short-term acute O3 exposure (Gillespie et al., 2012).  
At lower concentrations, O3 may not cause visible necrotic lesions on leaves, but can 
nevertheless negatively impact photosynthetic carbon gain via effects on Calvin cycle and light-
harvesting processes (Goumenaki et al., 2010; Sarkar et al., 2010), and by accelerating 
senescence (Pell et al., 1997).  Exposure to elevated [O3] also fundamentally alters other aspects 
of metabolism, including increased demand for respiratory energy and increased flux through the 
shikimate, phenylpropanoid, and anapleurotic pathways (Dizengremel et al., 2009; 2012).  These 
changes in metabolism all have the potential to alter the efficiency by which plants capture light 
energy, convert that energy into reduced carbon compounds and partition the reduced carbon into 
biomass and harvestable yield.  An early analysis of the effects of O3 on soybean yield potential 
concluded that O3 altered the ability of plants to utilize intercepted radiation, but did not affect 
the ability of the canopy to intercept radiation or allocate aboveground biomass to seed yield 
(Leadley et al., 1990).  
Establishing an O3 exposure-response for damage to sensitive species has been an active 
area of research (Fuhrer et al., 1997) and knowledge of these levels is critical for establishing O3 
control strategies to minimize the harmful effects of this pollutant on plants (Emberson et al., 
2000).  The effects of different concentrations of O3 on soybean productivity have been 
examined for decades, and syntheses of the studies done to date indicate that 30-50 ppb O3 can 
significantly reduce soybean yields (Heagle, 1989; Morgan et al., 2003).  Recently, Mills et al. 
(2007) re-compiled a large number of crop-response data from the extensive, multi-field studies 
done in the U.S. and Europe in the 1980s.  Using an accumulated exposure over a threshold of 40 
ppb (AOT40), the critical level for damage to soybean (i.e., the level required to cause a 5% 
reduction in yield) was 4.3 parts per million hours (ppm h) over 3 months (Mills et al., 2007).  
This threshold is regularly exceeded over much of the soybean growing region in the Northern 
Hemisphere.  For example, 7 of the last 10 years in central Illinois have experienced growing 
season [O3] that exceeded this critical level for damage.  However, it is known that plant 
responses to O3 vary considerably with other environmental conditions, including air temperature 
and water availability (Heagle, 1989). It is also known that O3 exposure does not always 
adequately predict O3 flux into the leaf (Ashmore et al., 2004; Fares et al., 2010).  Therefore, 
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repeating O3 exposure response experiments in a single location in different years could help 
determine the robustness of a crop’s O3 exposure-response.  
This study takes a multi-faceted approach to determine the exposure response of soybean 
to elevated tropospheric [O3] by measuring biochemical and physiological responses and 
agronomic yield on the same cohort of plants, within one location, across two growing seasons, 
under fully open-air agricultural conditions.  Seven soybean cultivars were investigated to 
determine the general response of maturity group II-IV lines to a range of [O3].  Maturity group 
refers to the geographic range to which a soybean line is adapted, and group II-IV lines are best 
adapted to the latitude range of 37° – 42° N (Zhang et al., 2007).   This study also concurrently 
assessed the instantaneous effects of O3 exposure by taking diurnal measurements of 
photosynthesis, stomatal conductance, and measuring relative abundance of photosynthetic 
transcripts before and after initiation and termination of daily O3 fumigation over four time 
points across the growing season.  The prediction that soybean productivity will have a negative 
linear response to increasing [O3] was tested by measuring photosynthetic carbon (C) uptake, 
leaf area accumulation, and seed yield.  It was also hypothesized that there would be a possible 
shift in the carbon balance between antioxidant metabolism and primary metabolism that would 
be exacerbated at higher [O3], and apparent in leaf-level metabolites.  The synthesis of one set of 
metabolites might divert resources away from the synthesis of other sets of metabolites (Stitt et 
al., 2010), so we hypothesized that metabolite profiling would identify a shifts between primary 
metabolism and defense.  The third hypothesis tested was that acute [O3] initiates a rapid 
transcriptional response that impacts photosynthetic rates.  Our results indicate that any increase 
in background [O3] above current concentrations (~38 ppb during the day in these experiments) 
is sufficient to cause a linear decrease in seed yield, and the drivers of that yield loss include 
reduced cumulative leaf area index and light interception, decreased activity of Rubisco and 
subsequent C gain, and decreased harvest index.  
Methods 
Experimental Site and Plant Growth Conditions 
 The Soybean Free Air gas Concentration Enrichment (SoyFACE) facility is located on 32 
ha near Champaign, IL, USA (40°02′N, 88°14′W, 228 m above sea level; 
http://www.igb.illinois.edu/soyface/). Soybean and maize (Zea mays) are each planted on half of 
the area and rotated annually.  In 2009 and 2010, seven indeterminate soybean cultivars (Table 
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3.1) were planted in plots 8 rows wide and 5.4 m long, with 0.38 m row spacing. Planting dates 
were 9 June 2009 and 27 May 2010. Ozone fumigation began on 29 June 2009 and 6 June 2010, 
and ended on 27 September 2009 and 17 September 2010. Meteorological data, including photon 
flux density of photosynthetically active radiation (PPFD; Fig. 3.1a, b), air temperature (Fig. 
3.1c, d), rainfall (Fig. 3.1e, f), and ambient [O3] (Fig. 3.2) were measured throughout the two 
growing seasons.  
 In this experiment, eight 20 m diameter FACE plots were exposed to different O3 
concentrations (Table 3.2). The fumigation system, based on the design of Miglietta et al., 
(2001), added air enriched with O3 to maintain a set concentration for each plot for ~8 hours each 
day.  Fumigation targets, average and cumulative exposures, and attainment information for the 
FACE plots are shown in Table 3.2.  The accumulated O3 dose over a threshold of 40 ppb 
(AOT40) and the sum of hourly O3 greater than or equal to 60 ppb (SUM06) were calculated for 
the entire growing season (Mauzerall and Wang, 2001). 
Leaf Area Index, Relative Chlorophyll Content, Leaf Absorptance 
 Leaf area index (LAI) was measured weekly on all seven cultivars throughout the 2009 
and 2010 growing seasons, as described in Betzelberger et al., (2010), with a plant canopy 
analyzer (LAI-2000, Li-Cor, Lincoln, NE, USA) which calculates LAI using a fisheye optical 
sensor that measures radiation attenuation through the canopy (Welles and Norman, 1991). 
Weekly, relative chlorophyll content was measured on three fully expanded leaves at the top of 
the canopy within each cultivar of each plot with a SPAD meter (Minolta SPAD-502, Osaka, 
Japan). SPAD values were then converted to chlorophyll content by an exponential function, y = 
0.089e (0.0411x), where y is the chlorophyll content (g m-2) and x is the SPAD reading, which was 
experimentally determined for these genotypes in chapter 2 (Betzelberger et al., 2010).  
 Two leaves from each cultivar per plot were sampled for absorptance measurements. On 
17 Aug 2009 (DOY 229), 4 cultivars, Dwight, IA-3010, LN97-15076 and Pana, were sampled 
from ambient, 70 ppb and 130 ppb plots.  On 17 Aug 2010 (DOY 229), those four cultivars were 
sampled from ambient, 85 ppb, 130 ppb and 170 ppb plots. Leaf reflectance and transmittance 
from 400 to 700 nm were measured on all three trifoliates using an integrating sphere (LI 1800, 
LI-COR, Lincoln, NE, USA) and miniature fiber optic spectroradiometer (USB2000, Ocean 
Optics, Dunedin, FL, USA). Leaf absorbance was calculated as 1 - reflectance - transmittance. 
Photosynthetic Gas Exchange and Chlorophyll Fluorescence 
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 Midday photosynthetic gas exchange and chlorophyll fluorescence of fully expanded 
leaves at the top of the canopy were measured four times during the growing season: during 
vegetative growth (V4 on 27 Jun 2009, and V5 on 28 Jun 2010), full bloom (R2 on 27 Jul 2009, 
and R2 on 14 Jul 2010), beginning of seed formation (R4 on 10 Aug 2009,and R4 on 28 Jul 
2010), and full seed stage (R6 on 1 Sep 2009, and R6 on 27 Aug 2010). Measurements were 
made using four to six open gas-exchange systems with integrated modulated chlorophyll 
fluorometers (LI-6400 and LI-6400-40; LI-COR). Measurements were made on three plants in 
each cultivar subplot within each experimental O3 plot. Measurements of chlorophyll 
fluorescence and gas exchange were made at ambient [CO2] (~385 ppm), ambient air 
temperature, and incident photosynthetically active photon flux. Leaf photosynthesis (A), 
stomatal conductance to water vapor (gs), and intercellular [CO2] (ci) were calculated using the 
equations of Von Caemmerer and Farquhar (1981). The photochemical efficiency of 
photosystem II (Fq'/Fm') was determined by measuring steady-state fluorescence and maximum 
fluorescence during a light-saturating pulse of ~6500 µmol m−2 s−1 following the procedures of 
Genty et al. (1989). 
Diurnal measurements of photosynthesis were made before and after the initiation of 
fumigation on 4 days in 2009 (14 Jul 2009, 30 Jul 2009, 14 Aug 2009, and 25 Aug 2009) and 
twice in 2010 (02 Jul 2010 and 26 Jul 2010) on Dwight, IA3010, LN97-15076 and Pana to 
investigate the immediate effects on O3 on leaf physiology.  Gas exchange was measured in the 
field on 3 leaves per cultivar as described above before the O3 fumigation was turned on, ~10-30 
minutes after fumigation was initiated, ~5 hrs after fumigation was on and ~10-30 minutes after 
the fumigation was turned off.  On these days, the O3 fumigation was adjusted to begin at 11:00 
and end at 15:00. Immediately following gas exchange, leaf tissue was collected for RNA 
isolation by immediately freezing in liquid N.   
 The response of A to changes in intercellular CO2 concentration (ci) was measured under 
saturating or near saturating light (1500-2000 µmol m-2 s-1) on 4 occasions in 2009 (R1 17 July 
2009, R2 28 July 2009, R4 5 August 2009, R5 19 August, 2009; Fig. 3.3) and one occasion in 
2010 (R3 25 July, 2010; Fig. 3.3).  Three leaves per cultivar per O3 plot were measured.  In 
2009, Dwight and IA-3010 were measured, and in 2010, Dwight, IA3010, LN97-15076 and Pana 
were measured.  Measurements were taken in the laboratory on leaves cut, under water, before 
dawn on the day that they were measured. This ensured that the A/ci responses reflected the 
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potential photosynthesis on the day of measurement, and were not affected by transient decreases 
that may result during the day due to photo-inhibition, water stress, or feedback inhibition due to 
carbohydrate accumulation and cytosolic Pi limitation (Long and Bernacchi, 2003). The 
maximum RuBP-saturated rate of carboxylation in vivo (Vc,max) and the light-saturated potential 
rate of electron transport (Jmax) were calculated by fitting the equations of Farquhar, von 
Caemmerer & Berry (1980). 
Tissue Sampling, Biochemical and Molecular Analyses 
 Leaf tissue samples for measuring total antioxidant capacity, phenolic content, hexose, 
sucrose and starch content, and specific leaf mass were taken immediately following midday 
photosynthesis measurements in 2009 and 2010. Leaf discs (~1.4 cm2) were excised from fully 
expanded leaves at the top of the canopy, plunged immediately into liquid N, and then stored at -
80 ºC.  Five plants per cultivar per plot were sampled for total antioxidant capacity 
measurements and for oven-drying at 70 ºC for calculation of specific leaf mass. Three plants per 
cultivar per plot were sampled for determination of phenolic content and carbohydrate content.  
 Total antioxidant capacity was assessed with the oxygen radical absorbance capacity 
(ORAC) assay, which measures antioxidant inhibition of peroxyl radical–induced oxidations, 
according to the methods of Gillespie et al., (2007). Total phenolic content was measured with a 
Folin-Ciocalteu assay (Ainsworth and Gillespie, 2007). Total carbohydrate content was 
calculated from the sequential determination of glucose, fructose and sucrose content using the 
methods of Jones et al. (1977). The pellets of this ethanol extraction were then solubilized by 
heating to 95°C in 0.1 M NaOH for determination of protein and starch content. Protein content 
was determined using a commercial protein assay kit (Pierce, IL, USA) with BSA as a standard. 
The NaOH solution was then acidified to pH 4.9 and starch content was determined from glucose 
equivalents (Hendriks et al., 2003).  
Chlorophyll loss was monitored over time by placing an intact center trifoliate in 50 mL 
ethanol (96% v/v). At the specified times, 200 µL of extract was collected and measured at 470 
nm, 649 nm and 665 nm using a spectrophotometer (Synergy 2 Multi-Mode Microplate Reader, 
BioTek Instruments, Inc., Winooski, VT, USA) to quantify chlorophyll content using the 
formulas of Porra et al. (1989). Leaflets were then kept in ethanol overnight in order to determine 
total chlorophyll content. 
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 On 19 August 2009, when seeds were filling, three additional leaf discs (~2 cm2) from 
two cultivars (Dwight and IA3010) per ozone plot were sampled for sugar and amino acid 
profiling using GC-MS.  Samples were extracted with 80% (v/v) ethanol several times until the 
leaf discs were colorless. The ethanol soluble fractions from each sample were pooled and frozen 
at -20°C for subsequent analysis.  For sugar analysis, various amounts of individual standard 
solutions were used to prepare calibration curves ranging from 0.3-75 µg in the autosample vials, 
and a composite standard was also prepared, varying from 50-150 nmol (1-40 µg). The sample 
and standard aliquots were dried in 1.5 mL autosampler vials in a Speed Vac-concentrator at 
55°C under vacuum and then converted to their oxime derivatives using a pyridine solution 
containing 12.5 mg ml-1 hydroxylamine hydrochloride and 90 µg ml-1 phenyl-beta-D-
glucopyranoside.  Phenyl-beta-D-glucopyranoside was used as the internal standard. 
Hydroxylamine converted carbonyl compounds to their oxime derivatives to prevent the 
anomerization, thus reducing the number of peaks for simplicity. Samples were mixed by vortex 
and incubated at 70 °C for 40 min with occasional mixing. After cooling, hexamethyldisilazane 
(HMDS) was added. Then, samples were allowed to react for 60 min at room temperature. 
Trifluoroacetic acid (TFA) was used in this method to remove any traces of water in the sample 
as HMDS is sensitive to water vapor. HMDS selectively silylates carbohydrates into their TMS-
sugar derivatives, and provides simpler chromatograms than BSTFA. 
 TMS–sugar derivatives were separated on a DB-1701 capillary column (30m× 0.25mm 
I.D., with a 0.25µm film thickness, Supelco) using an Agilent 6890N gas chromatograph system 
and detected with Agilent 5975B insert MS detector (Agilent Technologies Inc, Santa Clara, 
CA). The detector temperature was 230°C and the injector temperature was 250°C. The initial 
column temperature of 120°C was held for 3 min and then increased to 170°C at a rate of 20°C 
min-1, then to 200°C at a rate of 4°C min-1 and finally to 280°C at a rate of 6°C min-1 which was 
maintained for 5 min. The carrier gas was helium at a flow-rate of 1.3 mL min-1. The MS was 
operated in the electron impact mode (EI) with an ionization energy of 70 eV. The scan range 
was set from 50 to 650 Da. Compound identification was performed by comparison with the 
chromatographic retention characteristics and mass spectra of authentic standards, reported mass 
spectra and the mass spectral library of the GC–MS data system. Standard mixtures of known 
reference compounds were run side by side with the soybean samples each day. Compounds 
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were quantified using total ion current (TIC) peak area, and converted to compound mass using 
calibration curves of external and internal standards. 
 Free amino acids were derived using the EZ:faast free amino acid analysis kit 
(Phenomenex, Torrance, CA), according to the manufacturer’s instructions.  Amino acid 
derivatives were separated on a ZB-AAA GC capillary column (10m× 0.18mm I.D., with a 
0.18µm film thickness, Phenomenex, Torrance, CA) using an Agilent 6890N gas chromatograph 
system and detected with Agilent 5975B insert MS detector (Agilent Technologies Inc, Santa 
Clara, CA). The MS temperatures were as follows: ion source 240°C, quadrupole 180°C, and 
auxiliary 310°C. The injector temperature was 250°C. The initial column temperature of 110°C 
was held for 1 min and then ramped at a rate of 30°C min-1 to 320°C which was held for 1 min. 
The carrier gas was helium at a flow-rate of 1.1 ml min-1. The MS was operated in the electron 
impact mode (EI) with an ionization energy of 70 eV. The scan range was set from 43 to 450 
m/z. A 2 µl sample was injected in the split mode (1:15, v/v). Compound identification was 
performed by comparison with the chromatographic retention characteristics and mass spectra of 
authentic standards, reported mass spectra and the mass spectral library of the GC–MS data 
system. Standard mixtures of known reference compounds were run side by side with the 
soybean samples, and compounds were quantified using total ion current (TIC) peak area as 
described above. 
Scanning Electron Microscopy 
 Leaf tissue was collected on 31 Aug 2009 (DOY 243) by taking leaf punches from the 
center trifoliate half way between the petiolule and leaf tip and half way between the leaf edge 
and midvein from the same leaves that were sampled for gas exchange on 25 Aug 2009 (DOY 
237). The leaf sections were fixed in 4% formaldehyde, 50mM PIPES pH 6.8 by vacuum 
infiltration for 20 min. The tissue was dehydrated using a graded series of ethanol in water (25%, 
50%, 75% and 100% v/v ethanol:water). Leaf sections were then critical point dried in liquid 
CO2, affixed to 2.7 cm dia stubs using conductive carbon paint and spudder coated with 
gold/palladium for 90 sec. Surface images were taken on a JEOL 6060LV scanning electron 
microscope (JEOL USA, Inc., Peabody, MA, USA).  Each leaf section was viewed at 500x and 
2000x to obtain an image of the abaxial epidermis. 
qRT-PCR  
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 RNA was isolated as described in Bilgin et al., (2009) and RNA quality was verified on a 
1% agarose gel. One microgram of DNase treated RNA  (TURBO DNA-free kit; Life 
Technologies, Grand Island, NY, USA) was used as a template for first-strand cDNA synthesis 
using Superscript II (Life Technologies, Grand Island, NY) and oligo(dT) primers (Life 
Technologies). A 10 µL reaction using Power SYBR Green PCR master mix (Life Technologies) 
and 400nM of each primer was performed on a 7900HT Fast Real-Time PCR System (Life 
Technologies). An automated liquid handling system (JANUS; Perkin Elmer, Waltham, MA) 
was used to aliquot primers into a 384-well PCR plate. The following sequences were used as 
primers for each of the target genes: Ferredoxin Thioredoxin Reductase (Glyma13g04640 
forward, TAC GCC CGT AAG TCA GGA AC; Glyma13g04640 reverse, AAT CCT TGT GCA 
ACC TCA GC), LHC5A (Glyma06g04280 forward, GTG GAG CAT CTT TCC AAT CC; 
Glyma06g04280 reverse, TGG ATA AGC TCA AGC CCA AG),Cyt b6f (Glyma06g03920 
forward, CCC GAC AAG AAC AAG TCC AT; Glyma06g03920 reverse, CAG TGA AAG 
CAG CAA CAT CAA), ATPase (Glyma13g23260 forward, ATT TGCTCA GGC CAT TTG 
TT; Glyma13g23260 reverse, AGG GTG CAG TTG AAG ACA GC), Rubisco small subunit 
(Glyma19g06340 forward, GCA CAA TTG GCA AAG GAA GT; Glyma19g06340 reverse, 
GAG AAG CAT CAG TGC AAC CA), SBPase (Glyma11g34900 forward, ATA AGT TGA 
CCG GCA TCA CC; Glyma11g34900 reverse, GGG TTG TCA GAT GTG GCT CT). The PCR 
efficiency and threshold value for each PCR amplification curve was determined using 
LinRegPCR software (Ruijter et al., 2009) by analyzing the baseline-corrected delta-Rn values in 
the log-linear phase. The normalized expression level for each target was calculated as reported 
in Gillespie et al. (2011) using cons6 and cons15 (Libault et al., 2008) as endogenous controls. 
Relative expression was calibrated to the 10:00 ambient sample. 
Harvest 
 At harvest maturity, the cultivar plots were trimmed to 4.9 m in length and the center 6 
rows were harvested on 20 October 2009 (DOY 293) and 30 September 2010 (DOY 273). In 
both years yield and seed composition measurements were made on 11.2 m2 final harvest plots. 
Seed yield, 100 seed weight, and harvest index (HI) were assessed by harvesting 5 plants per 
cultivar within each octagonal plot in 2009 and 10 plants per cultivar in 2010.  All shoot dry 
mass was harvested by hand and separated into reproductive and vegetative material.  The ratio 
of total seed weight to the total aboveground dry weight biomass per plant at maturity (minus 
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leaves) was used to determine harvest index (HI) per plant and then averaged to determine plot 
mean HI in both years.   
Statistical Analysis 
 In order to determine the net effect of increasing O3 exposure on maturity group III 
soybeans regression analysis was performed on plot means for all variables. Mean values for all 
cultivars ± 95% confidence intervals based on the number of cultivars sampled at each time point 
are presented in all figures. Linear regression was used to analyze the associations between O3 
exposure and each measured variable (SAS Institute, Cary, NC; SigmaPlot, Systat Software, San 
Jose, CA).  Transcript levels were analyzed by individual t-tests against the relative expression 
level in ambient [O3] at the 10:00 time point. 
Results 
O3 Exposure Response Experiment 
 In 2009 and 2010, seven soybean cultivars in maturity groups II to IV (Table 3.1) were 
exposed to 9 different concentrations of O3, ranging from ambient to a target concentration of 
200 ppb.  Fumigation began shortly after emergence in both years and plots were fumigated with 
air enriched with O3 for 8 to 9 hrs daily, except when leaves were wet.  In 2009 the O3 
fumigation targets were set 5-10 ppb higher than in 2010, leading to higher AOT40 values and a 
wider spread of treatment values at the end of the first growing season.  In concert with these O3 
exposure differences, the 2009 growing season had lower and more variable light levels (average 
daily maximum PPFD 1739 ± 432 µmol m-2 s-1) and lower air temperatures (average daily 
maximum temperature 25.4 ± 3.4 °C), as well as more rainfall (total growing season 
precipitation 370 mm) than the 2010 growing season (Fig. 3.1; PPFD 1808 ± 336 µmol m-2 s-1 , 
27.1 ± 4.5 °C , precipitation 314 mm).  Data were collected for seven cultivars and all showed 
similar responses to the range of experimental [O3].  Individual t-tests between cultivars did not 
reveal significant differences in the slopes of the O3 responses for most parameters, so data for 
all genotypes were pooled in order to determine an average O3 exposure-response for maturity 
group III cultivars.  The figures provide the mean response of the seven genotypes ± the 95% 
confidence intervals surrounding the mean. 
Chronic Elevated O3 Reduces Leaf Area, Light Absorption and Specific Leaf Mass 
Leaf area index (LAI) was monitored every week throughout the growing seasons of 
2009 and 2010.  Functional LAI, determined by integrating the area under the seasonal LAI 
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curve and dividing by the length of the growing season, decreased linearly with increased [O3] 
(Fig. 3.4, upper panel). The decrease in functional LAI with increasing [O3] was a consequence 
of both a shorter growing season (days; 2009 m=-0.098 r2=0.67 p=0.013; 2010 m=-0.082 r2=0.71 
p=0.009) and a decrease in maximum LAI.   Peak LAI fell from 6.5 in ambient [O3] to 4.3 in the 
highest [O3] in 2009, and from 6.4 to 4.7 in 2010 (data not shown).  In addition to decreased 
LAI, leaf reflectance and transmittance as measured with an integrating sphere increased with 
increasing [O3], resulting in a significant decrease in leaf absorptance in 2010 (Fig. 3.4). The 
decrease in absorptance was associated with significantly decreased specific leaf mass in both 
years (Fig. 3.4) and seasonal leaf chlorophyll content in 2009 (g m-2; 2009: m=-0.008 r2=0.46 
p=0.045; 2010: m=-0.008 r2=0.21 p=0.211).  
Chronic, Not Instantaneous Effects of O3 on Photosynthesis 
 Midday measurements of Asat made four times over the course of each growing season in 
2009 and 2010 showed a season average linear reduction in A of 0.06 to 0.21 µmol m-2 s-1 per 
ppb increase in [O3].  The response during reproductive growth is shown in Fig. 3.3, when loss 
of carbon gain to O3 exposure would have greatest effect on seed yield.  A significant linear 
relationship between Asat and O3 exposure (AOT40) was apparent throughout the growing 
season, although the magnitude of the relationship was greater later in the season (data not 
shown), consistent with accelerated rates of senescence in elevated [O3] further exacerbating the 
effect on photosynthesis.  Stomatal conductance (gs), the maximum activity of Rubisco (Vc,max), 
and maximum rate of electron transport (Jmax) also showed linear reductions during reproductive 
growth with increasing [O3] (Fig. 3.3), although the stomatal response was not always significant 
(Fig. 3.3).  Absolute values of Vc,max and Jmax were higher in 2010 compared to 2009 because the 
light intensity used to take the measurements was 2000 µmol m-2 s-1 in 2010 and only 1500 µmol 
m-2 s-1 in 2009.  Still, the slopes of the responses to increasing [O3] were similar.  Part of the 
reduction in Asat and gs can be attributed to cellular damage, illustrated by lesions in the abaxial 
epidermis, increased wax deposition and subsequent lower rate of chlorophyll leaching with 
increasing O3 exposure (Fig. 3.5).   
 Since several treatment plots had target [O3] high enough to be considered an acute 
treatment (> 100 ppb; Table 3.2), gas exchange was monitored from ~10:00 to ~15:00  in a 
subset of those plots to identify metabolic changes that may occur in response to O3 immediately 
following the onset and/or conclusion of fumigation.  This period of the day is when 
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photosynthesis is typically maximal and relatively invariant in field grown plants (Bernacchi et 
al., 2006).  If an instant response to chronic O3 were present in these plants, a transient decrease 
in photosynthesis and conductance immediately following O3 fumigation would be expected.  
Conversely, an increase in photosynthesis and conductance would be expected immediately 
following the termination of O3 fumigation.  Consistent with the midday measurements (Fig. 
3.3), a decrease in net assimilation (2009 & 2010) and stomatal conductance (2009 only) was 
observed in elevated O3 (130 ppb) at every time sampled throughout the day (Fig. 3.6).  
However, no dynamic changes were detected in response to the onset (between 10:00 and 11:30) 
or after the conclusion (between 14:00 and 15:30) of O3 fumigation.   
 A lack of an instantaneous response to high [O3] was also observed at the level of 
transcript abundance (Fig. 3.7).  Transcript abundance of key genes involved with the light 
reactions of photosynthesis (ftr, Ferredoxin thioredoxin reductase;  lhc5a, Light harvesting 
complex 5a; Cyt b6f , Cytochrome b6f;  and ATPase, ATP synthase), as well as the Calvin cycle 
(Rubisco, Ribulose -1,5-bisphosphate carboxylase oxygenase and SBPase, Sedoheptulose-1,7-
bisphosphatase) was quantified throughout the day.   All of these genes are regulated by light, so 
the increase in abundance that was detected in ambient conditions for FTR, Rubisco and SBPase 
(between 10:00 and 11:30) and the decrease in abundance for LHC5A (between 10:00 and 
14:00) and SBPase (between 10:00 and 15:30) was likely due to differences in the average light 
conditions for each sampling time (10:00, 1,275 µmol m-2 s-1; 11:30, 1,800 µmol m-2 s-1; 14:00, 
1,588 µmol m-2 s-1;  15:30, 1,300 µmol m-2 s-1). Expression of each of the photosynthesis-related 
targets was down-regulated by 40%-60% in 130 ppb [O3] (Fig. 3.7), which was consistent with 
the magnitude of change for net assimilation (Fig. 3.6).   
O3 Decreases Metabolites Associated with Primary Metabolism and Increases Antioxidant 
Capacity 
 In concert with photosynthetic measurements, leaf tissue samples for measuring glucose, 
fructose, sucrose, total protein, total starch, total antioxidant capacity, and phenolic content were 
taken at four midday time points across both growing seasons.  Most relevant to seed yield is the 
response of these metabolites to elevated [O3] at the fourth sampling which was during 
reproductive growth (R6; 1 September, 2009 and 27 August, 2010).  When measured at this 
stage, glucose, fructose, sucrose, starch, and protein showed significant negative linear responses 
to increasing O3 exposure (Fig. 3.8).  Total antioxidant capacity increased significantly with 
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increasing O3 in both years, and the leaf-level content of phenolic compounds increased 
significantly with increasing O3 exposure in 2010 (Fig. 3.8).  This suggests a possible shift in the 
carbon balance at the metabolite level for antioxidant metabolism vs. primary metabolism.   
On 19 August 2009, when seeds were filling, additional leaf tissue samples were taken 
for sugar alcohol, organic acid and amino acid profiling.  While 19 individual amino acids, 3 
sugar alcohols and numerous organic acids were individually identified by GC-MS, this analysis 
focused on high-abundance and central metabolites.  Pinitol, a common cyclitol in soybean 
leaves and sometimes associated with drought (Streeter et al., 2001), maltose, which is the 
primary form of carbon export from chloroplasts at night, malate, which is the dicarboxylic acid 
that is a TCA cycle intermediate that is present in many cellular compare tments (Martinoia and 
Rentsch, 1994), and total amino acids all showed negative linear responses to increasing chronic 
O3 exposure (Fig. 3.8).  Citrate, another TCA cycle intermediate, showed a positive linear trend 
in response to increasing O3 exposure.  
Linear Decrease in Seed Yield and Harvest Index with Increasing O3 Concentration 
  Seed yield for different cultivars (Fig. 3.9) showed that there is intraspecific variation in 
the slopes of the O3 exposure-response of soybean yield over the two growing seasons of this 
experiment. The magnitude of this variation is similar to that shown in chapter 2, but t-tests 
among slopes failed to detect statistically significant differences among cultivars.  Furthermore, 
the aim of this study was to determine an O3 exposure-response that can be generalized for 
maturity group III soybean genotypes, so data for all cultivars was combined for subsequent 
analysis. 
Seed yield (Fig. 3.10, upper panel) showed a significant negative correlation with 
elevated [O3] in both 2009 and 2010.  Despite differences in the fumigation treatments, average 
seasonal temperature and rainfall between years, there was a consistent response of soybean seed 
yield to increasing [O3], with a linear reduction of 37-39 kg ha-1 per ppb of cumulative O3 
exposure.  The 100 seed weight (Fig. 3.10, center panel) was significantly decreased in both 
2009 and 2010 under elevated [O3], although the response to elevated O3 in 2010 was slightly 
less than in 2009.  Harvest index (Fig. 3.10, lower panel), the seed mass relative to standing total 
above-ground biomass was significantly decreased under elevated [O3] in 2009 and showed a 
negative trend in 2010.  Like 100 seed weight, this response was slightly less in 2010 than in 
2009. 
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Discussion 
This two-year field study of soybean responses to a range of elevated [O3] provides evidence 
that any increase in [O3] above current concentrations will cause a significant decrease in seed 
yield.  Across two growing seasons with different average seasonal temperature and rainfall 
patterns, there was a linear decrease in yield with increasing [O3], at the rate of 37 – 39 kg ha-1 
per ppb of cumulative exposure over 40 ppb (Fig. 3.10).  This projection differs from earlier 
work at SoyFACE where a single soybean genotype (Pioneer 93B15) was projected to lose 55 kg 
ha-1 per ppb increase in [O3] (Morgan et al., 2006), and the range of responses for 6 of the 
genotypes analyzed in this study was 18-30 kg ha-1 per ppb of cumulative exposure over 40 ppb 
(Betzelberger et al., 2010).  In our previous investigation of these cultivars, plants were exposed 
to a single elevated [O3] (1.25 – 1.5 x ambient) in each of multiple years, and variation in that 
elevated O3 target from year to year was used to construct dose-response curves (Betzelberger et 
al., 2010).  However, variation in water availability, temperature and pests or diseases could 
interact with the soybean response to O3 as well as the relative sensitivity of cultivars (Fig. 3.9; 
Booker et al., 2009; Ainsworth et al., 2012).  Here we investigated the O3 exposure response of 
maturity group III soybeans under the same meteorological conditions each year, thus resulting 
in a more accurate estimate.  Our results are very similar to the soybean O3 exposure response 
relationship estimated from the open-top chamber studies done in the 1980s and 1990s, recently 
reviewed by Mills et al. (2007).  These results further substantiate the conclusion that the 
sensitivity of current soybean genotypes to O3 is not different from early genotypes, despite the 
increasing background [O3] during the intervening decades of soybean breeding (Betzelberger et 
al., 2010).  These results also support the conclusion that the current range of concentrations 
experienced by soybean crops today is sufficient to cause O3 damage (Mills et al., 2007). 
Yield has been described as a function of available solar radiation and three main 
efficiencies; the ability of a crop canopy to intercept radiation (interception efficiency), the 
ability of plants to convert solar energy into carbohydrates (conversion efficiency), and the 
partitioning of that energy into seed (partitioning efficiency) (Monteith, 1977).  Therefore, yield 
losses to stress can be analyzed in terms of stress effects on the seasonal distribution of leaf area 
and ability of leaves to intercept radiation, the photosynthetic efficiency of leaves, and the ability 
of the plant to partition carbon to seeds.  Based on two years of yield estimates from seven 
soybean genotypes, we found that increasing [O3] from ambient to a target concentration of 200 
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ppb (AOT40 of 67.4 ppm h) reduced yields by 64% (Fig. 3.11).  Harvest index, or the 
partitioning of C into seeds, was reduced by 12% over that range of [O3] (Fig. 3.11).  Previous 
experiments at SoyFACE failed to resolve a significant effect of O3 on harvest index (Morgan et 
al., 2006) and in this study the decrease in harvest index by O3 was only significant in 2009 (Fig. 
3.10).  Still, the average decline in harvest index with increasing [O3] across two years of study is 
similar to that reported previously for soybean (Leadley et al., 1990), and suggests that 
maintaining harvest index in elevated [O3] is one target for improving tolerance.   
Interception efficiency is determined by the speed of canopy development and closure, leaf 
absorptance, canopy longevity, size, and architecture (Zhu et al., 2010).  We estimated 
interception efficiency by adding the slope of the relative change in leaf absorptance to the slope 
of the relative change in season-long integrated LAI (Fig. 3.4).  Based on this calculation, we 
estimate that exposure to the highest O3 target of 200 ppb (AOT40 of 67.4 ppm h) may have 
decreased potential interception efficiency by ~20% (Fig. 3.11).  Increased reflectance and 
transmittance of leaves exposed to increasing [O3] and subsequent decreased absorptance is a 
common response of leaves to O3 and other stresses associated with reduced leaf chlorophyll 
concentration (Carter et al., 1995; Carter and Knapp, 2001).  In addition to changes in leaf-level 
properties, functional LAI significantly decreased with increasing [O3] (Fig. 3.4), and a reduction 
in LAI at the highest [O3] was apparent after ~4 weeks of exposure (data not shown).  Towards 
the end of the growing season, a senescence-induced reduction in LAI occurred ~2 weeks earlier 
in the highest [O3].  Thus, both the duration and the size of the canopy were significantly 
affected by O3 in this study.  In previous studies, changes in soybean canopy light interception 
with increasing exposure to O3 were small or non-existent (Unsworth et al., 1984; Leadley et al., 
1990; Dermody et al., 2008).  The maximum LAI of 4 to 6 units measured in this study was 
much less than that reported in previous studies where LAI was >10 (Unsworth et al., 1984; 
Leadley et al., 1990).  Furthermore, the O3 concentrations used in this study were greater than 
previous studies at SoyFACE (Dermody et al., 2008).  Thus, our interpretation differs from 
previous studies, and this data suggests that increasing [O3] can significantly impact canopy 
interception efficiency.   
Genotypes in different maturity groups (II, III and IV) were equally sensitive to O3 as 
measured by agronomic yield. In this study elevated [O3] consistently decreased leaf longevity.  
Therefore, a potential strategy for improving soybean yield in elevated [O3] may be to counteract 
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the acceleration of senescence. Delayed leaf senescence was a notable phenotype of high-
yielding transgenic soybean lines expressing an Arabidopsis B-box domain gene (Preuss et al., 
2012), which demonstrates the potential for delaying senescence, which may then improve 
productivity.  
   The efficiency of soybean to convert solar energy into biomass energy is also negatively 
impacted by O3 (Fig. 3.11; Leadley et al., 1990; Fiscus et al., 2005; Dermody et al., 2008; 
Gillespie et al., 2012).  Conversion efficiency is the combined gross photosynthesis of all leaves 
within the canopy, minus respiratory losses of carbon (Zhu et al., 2010). Ozone negatively 
impacts conversion efficiency by reducing photosynthetic efficiency and by increasing 
respiratory costs (Skarby et al., 1987; Amthor, 1988; Dizengremel et al., 2008; Gillespie et al., 
2012).  The conversion efficiency of a canopy is typically estimated by plotting the accumulated 
dry biomass vs. the cumulative intercepted radiation and fitting a slope to that line (Dohleman & 
Long, 2009).  In this study, we were limited by the size of the cultivar plots, and could not do 
destructive biomass harvests during the growing season.  Instead, we conservatively estimated 
the effects of O3 on potential conversion efficiency by plotting photosynthetic efficiency as the 
relative change in photosynthetic capacity (Vc,max) with increasing O3 exposure.  Based on this 
calculation, photosynthetic efficiency decreased by 41% from ambient to the highest [O3] (Fig. 
3.11).  This is likely an underestimate of the potential effects of O3 on conversion efficiency 
because the increased respiration costs (Gillespie et al., 2012) are not taken into account.  Still, 
the large decrease in photosynthetic efficiency relative to changes in harvest index and 
interception efficiency (Fig. 3.11) agree with previous studies, indicating that the effect of O3 on 
conversion efficiency is an important co variable to yield loss (Unsworth et al., 1984; Leadley et 
al., 1990; Dermody et al., 2008). 
Lower maximum Rubisco activity and lower maximum electron transport capacity (Fig. 3.3) 
were associated with decreased rates of Asat and gs at higher [O3], which were also associated 
with lower levels of transcript abundance of genes encoding photosynthetic proteins (Fig. 3.7).  
A recent proteomics experiment investigating the timing of changes in thylakoid proteins to O3 
exposure showed decreased abundance of most proteins within 14 days of exposure to O3 
(Bohler et al., 2011), consistent with the transcriptional changes reported here.  Previous work at 
this site also demonstrated that oxidation of Rubisco protein was significantly greater in plants 
exposed to elevated [O3] (Galant et al., 2012).  In this study the decrease in photosynthetic 
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metabolism fed forward to alter leaf contents of sugars, sugar alcohols and starch.  While 
interpreting metabolite profiles is complicated by a number of issues (Fernie and Stitt, 2012), in 
general there was a negative linear trend in metabolite content with increasing O3 exposure (Fig. 
3.8). While other studies have reported increased sucrose content with exposure to elevated [O3] 
(e.g., Britz and Robinson, 2001), the decline in the sucrose content with increasing [O3] in this 
study is consistent with previously reported decreases in sucrose synthesis activity and increased 
sucrose breakdown (invertase activity) in O3-sensitive common bean lines (Guidi et al., 2009).  
There was also a trend toward an increase in citrate content with increasing [O3]. This trend is 
consistent with the hypothesis that O3 increases the activity of PEP carboxylase (Dizengremel et 
al., 2009), which then supplies the TCA cycle and mitochondrial respiration with reduced carbon 
compounds (Dizengremel et al., 2012).  
It has been previously reported that elevated [O3] increases respiration rates in soybean, and 
total antioxidant capacity of soybean leaves (Gillespie et al., 2012).  Here, we further 
demonstrate that the increase in total antioxidant capacity of leaves is linearly related to O3 
exposure.  An additional source of respiratory carbon loss is related to the enhanced deposition 
of epicuticular wax that is induced by elevated [O3] (Percy et al., 2009). Scanning electron 
microscopy revealed that 130 ppb [O3] caused noticeable increases in the amount of wax 
deposited to the abaxial leaf epidermal surface (Fig. 3.5). Furthermore, the rate of chlorophyll 
leached from the leaves of plants grown in elevated O3 was decreased (Fig. 3.5), which is 
consistent with increased epicuticular wax content (Samuels et al., 2008; Raffaele et al., 2008).  
Nearly 40% of the world’s soybean production occurs in the Midwest U.S. where current 
[O3] range from 40 ppb to 60 ppb during the summer growing season.  As demonstrated in this 
field study, these concentrations are sufficient to significantly reduce yields.  Seven soybean 
cultivars showed very similar responses to a range of [O3], indicating the general sensitivity of 
this crop to O3 pollution.  The fact that the efficiency of light interception, the efficiency of 
converting solar energy into biomass, and the harvest index were all detrimentally impacted by 
increasing [O3] suggests that there are multiple avenues for improving soybean responses to this 
stress.     
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Tables and Figures 
Cultivar Year of Release
Maturity 
Group 
Female 
Parent 
Male 
Parent 
Pioneer 93B15 2000 III     
Dwight 1997 II Jack A86-303014 
HS93-4118 2000 IV IA 2007 DSR 304 
IA 3010 1998 III J285 S29-39 
LN97-15076 2003 IV Macon Stressland 
Loda 2000 II Jack IA3003 
Pana 1997 III Jack A3205 
 
Table 3.1 List and description of soybean cultivars used in the study. 
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2009 
Target 
2009 24 
hr 
mean 
2009 
8 hr 
mean 
2009 
mean 
1 hr 
max 
2009 
AOT40 
(ppm h) 
2009 
SUM06 
(ppm h) 
2009 % 
1 min 
ave 
within ± 
20% 
target 
2010 
Target 
2010 24 
hr 
mean 
2010 
8 hr 
mean 
2010 
mean 
1 hr 
max 
2010 
AOT40 
(ppm h) 
2010 
SUM06 
(ppm h) 
2010 % 
1 min 
ave 
within 
± 20% 
target 
Ambient 23.9 38.2 43.7 3.3 1.2   Ambient 24.2 38.1 42.5 2.8 1.5   
40 24.8 40.8 46.5 3.8 1.2 81.8 55 28.6 46.2 48.6 12.0 16.8 80.6 
55 29.7 47.6 56.1 9.0 5.9 76.2 70 29.4 54.0 63.6 14.2 27.7 83.7 
70 29.9 56.1 67.7 16.8 33.8 83.9 85 35.1 61.4 72.6 20.6 34.7 82.1 
85 32.9 61.1 81.0 21.0 36.4 77.1 110 37.3 72.9 92.2 30.2 46.4 83.3 
110 38.5 74.0 91.4 31.4 48.4 79.2 130 41.4 80.7 104.6 38.7 55.5 74.7 
130 45.3 93.1 113.8 47.2 67.9 79.9 150 37.7 75.4 100.6 33.1 45.0 67.4 
160 47.5 99.5 126.7 52.9 71.0 74.4 170 42.6 90.7 124.0 45.8 61.9 60.1 
200 54.6 120.6 153.8 67.4 85.6 67.0 190 47.2 90.5 128.7 46.3 60.1 53.6 
 
Table 3.2 Ozone fumigation targets, exposures, and attainment for the nine 20 m diameter plots in this experiment. AOT40 (average 
over a threshold of 40 ppb) and SUM06 (SUM over a threshold of 0.06 ppm) are season-long cumulative exposures, calculated 
according to Mauzerall and Wang (2001). 
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Figure 3.1 Meteorological data, including photon flux density of photosynthetically active 
radiation (PPFD; a, b), daytime and nighttime air temperature (°C; c, d), and precipitation (mm; 
e, f) measured throughout the 2009 and 2010 growing seasons.  
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Figure 3.2 Ozone concentration in each of the nine treatment plots was measured throughout the 
two growing seasons. The daily mean [O3] (; a, b) is reported along with cumulative metrics of 
O3 exposure, including AOT40 (h; c, d), and SUM06 (h; e, f), calculated according to Mauzerall 
and Wang (2001).  
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Figure 3.3 Linear regressions of midday measurements of photosynthesis (A), stomatal 
conductance (gs), the maximum activity of Rubisco (Vc,max), and maximum rate of electron 
transport (Jmax), which were made during reproductive growth in 2009 (black triangles) and 2010 
(grey circles).  Cumulative AOT40 was summed from the beginning of the growing season up to 
the date of measurement in each year.  Solid lines indicate a statistically significant relationship, 
while dashed lines indicate trends. Error bars represent 95% confidence intervals.  
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Figure 3.4 Linear regressions of functional LAI (upper panel), leaf absorption (middle panel), 
and specific leaf mass (lower panel), which were measured throughout the growing season in 
2009 (black triangles) and 2010 (gray circles). Solid lines indicate a statistically significant 
relationship (p < 0.05), while dashed lines indicate non-significant trends.  Error bars represent 
95% confidence intervals.  
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Figure 3.5 Scanning electron micrograph of the abaxial surface of leaves grown in ambient (a, d) 
and 130 ppb [O3] (b, c, e). The rate of chlorophyll leaching is shown in panel F.3 
 
 
 
 
 
 
 
 
 
 
                                                 
3 This data was collected by Craig R. Yendrek for Betzelberger et al. (2013). 
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Figure 3.6 Season average diurnal gas exchange. Net assimilation and stomatal conductance 
were monitored before, during and after the conclusion of O3 fumigation in 2009 (black 
triangles) and 2010 (grey circles).  Relative fold change values were calculated by comparing 
absolute values with the 10:00 ambient measurement. The shaded region signifies the period 
when O3 was being fumigated. Error bars represent 95% confidence intervals. 4 
                                                 
4 This data was collected by Craig R. Yendrek for Betzelberger et al. (2013). 
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Figure 3.7 Season average diurnal expression of select photosynthetic transcripts in 2009 
(triangles). Relative fold change values were calculated by comparing absolute values with the 
10:00 ambient measurement. The shaded region signifies the period when O3 was being 
fumigated. Error bars represent 95% confidence intervals. Asterisks indicate a significant diurnal 
effect in transcript abundance for ambient grown plants compared to the ambient 10:00 sampling 
time. 5 
 
                                                 
5 This data was collected by Craig R.  Yendrek for Betzelberger et al. (2013). 
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Figure 3.8 Linear regression of metabolites associated with primary metabolism, respiratory 
metabolism, and antioxidant capacity, which were measured during reproductive growth in 2009 
(black triangles; R6 1 September, 2009) and 2010 (grey circles; R6, 27 August, 2010). Solid 
lines indicate a statistically significant relationship, while broken lines indicate trends. Error bars 
represent 95% confidence intervals. 6 
                                                 
6 Malate, maltose, pinotol, total amino acids, and citrate data was collected by Jindong Sun for Betzelberger et al. 
(2013). 
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Figure 3.9 Linear regression of yield against AOT40 at the end of the growing season in 2009 
and 2010 for two cultivars, Dwight (teal) and Pana (magenta).  
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Figure 3.10 Linear regression of agronomic yield (upper panel), 100 seed weight (center panel), 
and harvest index (lower panel) at the end of the growing season in 2009 (black triangles) and 
2010 (grey circles). Solid lines indicate a statistically significant relationship, while broken lines 
indicate trends. Error bars represent 95% confidence intervals.7 
                                                 
7 Harvest index and 100 seed weight data was collected by Courtney P. Leisner for Betzelberger et al. (2013). 
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Figure 3.11 Parameterization of yield loss (circles) as accumulated losses in light interception 
efficiency (squares), conversion efficiency (triangles), and partitioning efficiency (harvest index, 
diamonds) under elevated O3.  Data from 2009 and 2010 were combined for these regressions.
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CHAPTER 4 
OZONE EFFECT ON HISTORICAL MAIZE AND SOYBEAN YIELDS ACROSS THE 
MIDWESTERN UNITED STATES. 
 
Introduction 
In the past century annual average background tropospheric ozone concentrations ([O3]) 
have more than doubled (Vingarzan, 2004), and are currently high enough to cause damage to 
crops (Emberson et al., 2009). Nearly one-quarter of the Earth’s terrestrial surface is currently at 
risk during midsummer from tropospheric [O3] in excess of 60 nmol mol-1, with even greater 
concentrations occurring locally (Fowler et al., 1999a, b). These high-risk areas include the 
croplands of Western Europe, the Midwest and Eastern US and Eastern China, which are being 
exposed to some of the highest background [O3] (Prather et al., 2001). Although the risks of 
acute O3 exposure around large cities are best known, background [O3] has also been rising in 
rural areas, distant from cities. Industrialized city centers produce polluted air masses containing 
nitrogen oxides, hydrocarbons, and carbon monoxide that can be transported thousands of miles 
both across and between continents (Cooper et al., 2010). Tropospheric O3 is formed as a result 
of the action of sunlight on these polluted air masses (Meehl et al., 2007). 
Among the four major global food crops, soybean (Glycine max [L.]Merr.) is particularly 
sensitive to O3  with current estimated losses of 8.5-14% depending on genotype and 
environmental conditions (Emberson et al., 2009; Avnery et al., 2011a; Wilkinson et al., 2012).  
Zea mays (maize) is the third most important food crop globally in terms of human caloric intake 
and is moderately sensitive to O3 (Wilkinson et al., 2012). In the United States, soybeans and 
maize are most commonly grown in a crop rotation with each other. The Midwest United States 
“Corn Belt” (including Illinois, Iowa, Indiana, eastern portions of South Dakota and Nebraska, 
western Kentucky and Ohio, and the northern two-thirds of Missouri) produces 40% of the 
world’s soybean crops and ~36% of the world’s maize crops, with Iowa and Illinois, the top 
maize-producing states, typically accounting for slightly more than one-third of the U.S. crop. 
This region already experiences a loss of 10% of its soybean production to O3 (Tong et al., 2007; 
Fishman et al., 2010).  
While the response of soybean productivity to increasing [O3] has been examined for 
decades, analogous experimental research on the exposure-response of maize to O3 has been 
relatively scarce. The response of maize to O3 has received disproportionally little attention 
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because it was assumed that the high water use efficiency of C4 photosynthesis would maintain 
rates of stomatal conductance that were too low to admit damaging levels of O3 into the leaf 
mesophyll and thus cause maize to be practically insensitive to current background [O3] (Heagle 
et al., 1979; Kress & Miller, 1985; Heagle, 1989; Volin et al., 1998). However, these 
assumptions have been called into question by recent experimental work and meta-analyses 
(Leitao et al., 2007a, 2007b, 2007c; Mills et al., 2007; Leisner & Ainsworth, 2012), particularly 
in the context of field-grown maize which has  high rates of photosynthesis and correspondingly 
high rates of  stomatal conductance (Leakey et al., 2006b).  
Establishing an O3 exposure-response for damage to sensitive species has been an active 
area of research (Fuhrer et al., 1997), and knowledge of these levels is critical for establishing O3 
control strategies to minimize the harmful effects of this pollutant on plants (Emberson et al., 
2000). Estimating exposure-response is typically done experimentally in controlled 
environments, often in growth cabinets, open-top chambers, or FACE plots. These studies are 
usually conducted on a single or limited number of cultivars, and are limited in size, location, 
and number. Recently, Mills et al. (2007) re-compiled a large number of crop-response data from 
the extensive, multi-field studies done in the U.S. and Europe in the 1980s.  Using an 
accumulated exposure over a threshold of 40 ppb (AOT40; average over a threshold of 40 ppb), 
the critical level for damage to soybean (i.e., the level required to cause a 5% reduction in yield) 
was 3.3 parts per million hours (ppm h) over 3 months, or 30-50 ppb (Heagle, 1989, Morgan et 
al., 2003). These thresholds for crop yield loss are regularly exceeded over much of the soybean 
and maize growing region in the Northern Hemisphere.  For example, 7 of the last 10 years in 
central Illinois, the second highest maize and soy-producing state in 2012 (USDA NASS), have 
experienced growing season [O3] that exceeded this critical level for damage.  
To better understand the exposure-response of Midwestern maize and soybean yields to 
tropospheric O3, this study evaluates yield responses on a larger scale, in an agronomic setting, 
over many years and growing conditions. A common approach to predicting the potential effects 
of climate change on crop yields is to use statistical models focused on historical yields and some 
simplified measurements of weather, such as growing season average temperature and 
precipitation to calibrate relatively simple regression equations (Lobell and Burke, 2010). Time 
series models have been used widely to evaluate the impact of climate variability and change on 
crop production (Nicholls 1997; Lobell and Asner, 2003; Lobell and Field, 2007; Kucharik and 
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Serbin 2008; Lobell, 2010). They are particularly useful in situations where there is insufficient 
data to calibrate more process-based models, or insufficient resources to conduct comprehensive 
controlled experiments. Their main requirement is the availability of sufficiently long time series 
of both weather and crop harvests (Lobell, 2010), and, in this case, tropospheric O3 data. The 
United Stated Department of Agriculture (USDA) has recorded average yields for each county 
since early in the twentieth century and in some cases even earlier. In addition, the United States 
has arguably the most complete weather records of any country for the twentieth century (Lobell, 
2010). The United States Environmental Protection Agency (EPA) has been monitoring 
tropospheric [O3] since 1980, thus providing this study with a sufficiently long time series of 
data to evaluate the response of commercially grown maize and soybean in the US Midwest. 
In addition to the experimental efforts to elucidate the role tropospheric ozone (O3) plays 
in whole-plant and canopy-level processes, which have been evaluated elsewhere (Betzelberger 
et al., 2010; 2013), this study will evaluate the statistical relationships that emerge between 
historical records of crop production and interannual tropospheric [O3] variations.  This time 
series analysis of annual crop production levels complements chapters 2 and 3 by incorporating 
many more years of data, and covering a much wider geographic range. It also has the advantage 
of more directly assessing historical effects, whereas conclusions drawn from controlled 
experiments are difficult to extend outside the conditions of the experiment. Time series models 
represent a useful opportunity to understand crop responses to environmental variations (Lobell, 
2010). Fishman et al. (2010) estimated the yield effects of ground level [O3] on soybean 
production in the Midwest United States using county level yield data for Illinois, Indiana, and 
Iowa from 2002-2006 (Fig. 4.1), ground level O3 data from EPA monitoring stations, and 
satellite estimates of tropospheric O3 from the National Aeronautics and Space Administration 
(NASA) Tropospheric Ozone Residual (TOR) database. Taking into account the average yield of 
3.31 x 103 kg ha-1 the Fishman et al. (2010) results imply a yield reduction of -0.38 to -1.63% 
ppbv-1 O3, a value in line with previous studies (-1.16% ppbv-1; Mills et al., 2007) and consistent 
with, but slightly lower than what was found at SoyFACE (-0.84 to -1.53%; Morgan et al., 
2006). 
Fishman et al. (2010) also showed that O3 data from the ground monitors and satellite 
observations have been consistent with each other, so it may be feasible to extend the time series 
model back to before ground level [O3] monitoring sites came online, but after TOR data became 
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available. Their success using space-based estimates of tropospheric ozone to quantify the 
impact of current [O3] on crop yields is encouraging, as there is a dearth of surface O3 
monitoring sites in rural agricultural regions, while space-based O3 monitoring can be extended 
around the globe.  
This historical analysis will determine the correlation between O3 and Midwest United 
States soybean and maize yields, and estimate the net effects of O3 in the area of the world 
responsible for 34% of global soybean and 38% of global maize production (USDA FAS). I will 
test the correlation between ground measurements and space-based residual estimates of 
tropospheric [O3] over a much longer time span than Fishman et al. (2010), and test the 
hypothesis that, still accounting for the effects of temperature and precipitation on yields, [O3] 
will have a significant, negative impact on crop yields in the Midwestern United States. I also 
hypothesize that the negative response of yield to [O3] will be more pronounced in soybean than 
in maize. Ultimately, this study will bolster the importance of including an O3 exposure term in 
statistical models of crop and ecosystem responses to global climate change by using time series 
models to predict the potential effects of climate change on crop yields on a large scale, in an 
agronomic setting, over many years and growing conditions using historical observations of seed 
yield and measurements of weather and tropospheric [O3]. 
Methods 
The main requirement of this study is the availability of a sufficiently long time series of 
crop yield, weather, and [O3] data for the Midwestern United States. In this case, the limiting 
dataset is the ground O3 monitoring information for our study region. Data from 1980-2011 was 
acquired from the EPA Air Quality System Data Mart (www.epa.gov/ttn/airs/aqsdatamart). The 
data are available as hourly observations of [O3] in ppb from approximately 3000 sensors, with 
some sites having multiple sensors, across the USA.  This data set included measurements from 
~80 counties across five Midwestern states over 26 years. AOT40 is a growing-season-long 
running total of the accumulated hourly exposure over a threshold of 40 ppb (Mauzerall and 
Wang, 2001). The data acquired from the EPA Air Quality System was used to calculate AOT40. 
To account for missing hourly measurements within the available dataset, an hourly average 
exposure metric was calculated from the available data. This was then multiplied by the number 
of hours in the growing season, assuming the standard 8-hour day for O3 exposure 
measurements, to calculate standardized AOT40 values. Satellite O3 monitoring information for 
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1979-2005 was acquired from archives of the Tropospheric O3 Residual (TOR; Fishman et al., 
2003, 2010), which is available as monthly averages (www.larc.nasa.gov/TOR/data.html) on a 
scale of 1° latitude by 1.25°longitude (Fig. 4.1). The units of TOR are Dobson Units (DU) and 
refer to a column depth of O3, where 1 DU = 2.68 x1016 molecules O3 cm-2; a typical column 
depth of O3 is ~300 DU with ~90% of the O3 located in the stratosphere. The conversion factor 
between Dobson Units (DU) and concentration (in ppbv) is ~1.5-1.6 ppbv per DU (Fishman and 
Brackett, 1997; Fishman et al., 1990; Ziemke et al., 2006).  
Crop yield data were acquired from the United States Department of Agriculture 
(USDA), which has recorded average yield per acre by county from the mid 19th century to the 
present. These data are available through the USDA’s National Agricultural Statistics Service 
(NASS; www.nass.usda.gov). This dataset was queried for average county yields of rain-fed 
maize and soybean from 1979-2011 for Illinois, Indiana, Iowa, Missouri, and Nebraska. A 
smaller area of the Midwest (Illinois, Indiana, and Iowa) was subset out to test the effect on 
model fit, but the results were not significantly improved, so data from all five states were used 
in this study.  
The United States National Oceanic and Atmospheric Administration (NOAA; 
www.ncdc.noaa.gov) has some of the world’s most complete weather records for the 20th century 
(Lobell, 2010). Since yield and [O3] are both highly influenced by temperature and precipitation 
(IPCC, 2007), environmental variables from both of these types are included in this study, 
including maximum, minimum and average temperature, precipitation and the ratio of 
precipitation to potential evapotranspiration (Tmax, Tmin, Tave, precip, and P/PET, 
respectively). Monthly average daily temperature (maximum, minimum and average), and 
precipitation data were acquired through the Climate Research Unit (CRU TS 3.0; see Mitchell 
and Jones, 2005).  Potential evapotranspiration was calculated according to Thornthwaite (1948). 
Although more accurate estimates of evapotranspiration can be made using wind speed and solar 
radiation (e.g. Monteith, 1965), the Thornthwaite equation requires only temperature data, which 
are widely available, and average day length, which is easily calculated. 
Once collected, the disparate data sets were sorted and combined so that each year’s 
observation for each county included both maize and soy yield and each of the potential 
predictor variables. Any trend in yield due to technological improvements during the study 
period was removed by transforming all of the data to first-differences (i.e., ∆ maize yield and ∆ 
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soy yield), where, from each observation one subtracts the value in the previous year, as 
described by Lobell (2010).  Consequently, the subsequent analysis focuses only on year-to-year 
changes so that effects of long-term agricultural management trends are minimized. 
Environmental data was also averaged by month and transformed to first-differences (∆AOT40, 
∆Tmax, ∆Tmin, ∆Tave, ∆precip, ∆P/PET). Rather than use annual averages for each 
environmental variable, we defined an effective growing season of June, July, and August. First 
differences of monthly averages for possible growing season months were individually regressed 
against ∆soybean yield and ∆maize yield and the  the contiguous months that produced the 
highest model r2 when regressed against yield were selected and averaged together into an 
effective growing season (Lobell and Field, 2007).   
Ozone concentration data from the ground monitors and the satellite observations have 
been shown to be consistent with each other over short periods of time (Fishman et al., 2010). 
Monthly TOR values were used to calculate growing season means. County-level ground-
monitored O3 data was averaged by 1° latitude by 1.25°longitude “box” to be on the same 
geographic scale as the TOR data (Fig. 4.1) and then averaged by box over the growing season. 
Both absolute and ∆ TOR values were then were regressed against ground-monitored absolute 
and ∆ 8-hour average growing season [O3], respectively, to determine if the consistency between 
satellite observations and ground monitors shown by Fishman et al. (2010) was maintained over 
a longer period of time (Fig. 4.2). 
In order to examine the relationship between crop yield trends and environmental trends 
across the Midwest, we first regressed the relationships between all available environmental 
variables with maize or soybean yield trends as the response variables using Akaike’s 
information criterion (Proc REG, SAS 9.1, SAS Institute, Cary, NC) to chose the predictor 
variables based on their root mean square error (RMSE) and coefficient of determination (r2; 
Lobel and Asner, 2003; Kucharik and Serbin, 2008). All of the predictor variables that were 
ranked highly enough to be included in the model had significant relationships (p<0.0001) with 
maize and/or soybean yield trends (Table 4.1). The analyses were performed separately for 
maize and soybean so predictor variables could potentially be different for each crop (Kucharik 
and Serbin, 2008) (Fig. 4.4). While additional variables may have had significant relationships 
with the yield trends, we chose a limited set of variables that explained the greatest amount of 
yield variability.  The autoregressive error model is used to correct for autocorrelation, and the 
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generalized autoregressive conditional heteroscedasticity (GARCH) model and its variants are 
used to model and correct for heteroscedasticity (Proc AUTOREG, SAS 9.1, SAS Institute, Cary, 
NC). Using Pearson product-moment correlation (Proc CORR, SAS 9.1, SAS Institute, Cary, 
NC) co-linearity between the chosen environmental variables was measured by dividing the 
covariance of the two variables by the product of their standard deviations (Table 4.1).  
Results 
Seasonal TOR (Fig. 4.1) was regressed against ground-monitored seasonal 8 hour [O3], 
both as absolute values and as first differences (Fig. 4.2). Absolute TOR and absolute 8 hour 
growing season mean [O3] (r2=0.1145, p<0.0001) were significantly and slightly more strongly 
correlated with each other than ∆TOR and ∆8 hour growing season mean [O3] were correlated 
with each other (r2=0.0346, p<0.0001). The O3 data from the EPA and TOR were only weakly 
correlated (Fig. 4.2), and much less correlated than the ground-level measurements of [O3], 
temperature and precipitation (Table 4.1). This was considered sufficient demonstration that the 
short term consistency between satellite observations and ground monitors shown by Fishman et 
al. (2010) was not maintained over a longer period of time and this study is consequently limited 
to the shorter time-span for which EPA ground monitoring data is available. 
 Soybean and maize seed yields have been on a continuous rising trend. Between 1979 
and 2006, soybean yields in Illinois, Indiana, Iowa, Missouri, and Nebraska have increased an 
average of 32 kg ha-1 or 1.34% per year, while maize yields have increased an average of 116 kg 
ha-1 or 1.58% per year (Fig. 4.3). This trend and interannual variability in yield was the same for 
the subset of counties that also had [O3] data available (not shown). In contrast to this steady 
increase in yield with limited year-to-year variability, the environmental variables used in this 
study show no apparent long-term trend for the study period, while displaying sizeable year-to-
year variability (Fig. 4.3).  
Colinearity among the selected predictor variables was also determined by computing 
Pearson correlation coefficients, three nonparametric measures of association, and the 
probabilities associated with these statistics. In contrast to the small correlation between two 
measures of tropospheric [O3], the correlation statistics showed that the first differences of the 
other environmental variables (∆Tmax, ∆P/PET, and ∆AOT40) are highly and significantly 
(p<0.0001) correlated with each other (Table 4.1), supporting previous observations (Jacob and 
Winner, 2009). ∆Tmax was strongly positively correlated with ∆AOT40 and both were 
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negatively correlated with yield. In contrast, ∆P/PET was strongly negatively correlated with 
∆Tmax and ∆AOT40 and positively correlated with yield. This is consistent with expectations 
since high temperatures would be expected to increase evapotranspiration of water and decrease 
yields.  Similarly, high water availability would be expected to increase yields, while Chapters 2 
and 3 and previous work has shown that increased O3 exposure decreases yields.  
The final model for the response of ∆ maize to environmental variables was determined 
to be ∆ maize = 122.1 – 163.4 ∆AOT40 + 133.3 ∆P/PET – 633.7 ∆Tmax with a model r2 = 0.55 
(p<0.0001). The model for the response of ∆ soy to environmental variables was determined to 
be ∆ soy = 33.8 – 54.8 ∆AOT40 + 333.5 ∆P/PET – 48.7 ∆Tmax with a model r2 = 0.23 
(p<0.0001). Roughly 55% of maize and 23% of soybean yield changes can be explained by these 
three environmental variables over the 25 year study period.  When ∆AOT40 is removed from 
the model, the remaining terms explain only 41% and 13% of the maize and soybean yield 
variation, respectively.  The models of Kucharik and Serbin (2008) which included temperature 
and precipitation that explained 40% and 35% of the maize and soybean yield variation, 
respectively. While the models of Lobell and Field (2007) which included temperature and 
precipitation that explained 47% and 52% of the maize and soybean yield variation, respectively. 
Some of the differences in predictive power of the species models may be related to differences 
in the species’ growth habits, threshold responses to light and temperature cues, which were not 
included in this model. Other differences may be related to differences in the time and special 
scales of the studies. When individual environmental variables were regressed separately against 
∆ yield for maize and soybean it was shown that ∆AOT40 and ∆Tmax explained nearly equal 
amounts of the variation in both maize and soybean yield, with ∆P/PET explaining a significant 
but substantially smaller portion of the yield variation for both crops (Table 4.2). Conditional to 
changes in temperature and precipitation, the net effect of O3 on soybean yield is a decrease of 
55 kg ha-1 decrease in soybean yield and a 163 kg ha-1 decrease in maize yield for every 1 ppm h 
increase in AOT40 over the growing season. 
Discussion 
While previous time-series analyses of soybean and maize yields have demonstrated the 
influence of growing season temperature and precipitation on a state-wide (Kucharik and Serbin, 
2008), national (Lobell and Asner, 2003) and global scale (Lobell and Field, 2007), this analysis 
demonstrates the negative correlation between O3 and Midwest United States soybean and maize 
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yields, indicating that most genotypes of soybean and maize in this area of the world are 
sensitive to O3. The net effect of O3 estimated from this historical analysis is a 55 kg ha-1 
decrease in soybean yields per ppb of O3 exposure over 40 ppb, which is higher, but consistent 
with the 37-39 kg ha-1 estimated from the dose-response experiment in Champaign, IL described 
in Chapter 3 (Betzelberger et al., 2013) and with earlier work at SoyFACE where a single 
soybean genotype (Pioneer 93B15) was projected to lose 39 to 44 kg ha-1 per ppm h increase 
over AOT40 (Morgan et al., 2006). Counter to our hypothesis that maize, as a C4 species, would 
be relatively insensitive to O3, yields decreased by 163 kg ha-1 per ppb O3 exposure over 40 ppb. 
Maize has not been examined for O3 sensitivity in large field scale, open-air trials; however, a 
recent European open-top chamber experiment showed that O3 treatments above 40 ppb caused a 
linear decrease in photosynthetic pigment content, Rubisco and PEP carboxylase activity, leaf 
area and leaf mass (Leitao et al., 2007c). This historical regression analysis coupled with the 
experimental evidence from Chapters 2 and 3 strongly suggest that breeding for O3 tolerance in 
soybean and maize should be a target for improving current and future production (Ainsworth et 
al., 2008). 
One of the objectives of this study was to determine if long-term ground measurements of 
O3 concentration were well correlated with the residual estimates of tropospheric O3 from 
satellites.  When satellite-monitored growing season [O3] was regressed against ground-
monitored growing season [O3] it was shown that the two did not strongly correlate with each 
other over the long term of this study period (Fig. 4.2). There are many difficulties inherent in 
calculating surface measurements from space-based monitoring equipment, such as the 
separation of the relatively small tropospheric component, typically 5 to 15%, of the total column 
and then validating the resultant product against existing data sets (Fishman et al., 2003). 
Fishman et al. (2010) discuss the additional difficulties of comparing space-based TOR and 
surface O3, including difficulties involving unit conversions, the assumptions involved in 
calculating [O3] for portions of the measured tropospheric column, along with other factors, such 
as temporal and spatial scaling differences. If these differences are indicative of a widespread 
lack of correlation and cannot be resolved for long term time series models, it will be difficult to 
determine the effects of O3 exposure on larger scales in regions where ground level monitoring is 
sparse or absent. It may be, however that this lack of correlation is due to local variations or 
circumstances that make it particularly difficult for TOR sensing to determine the [O3] in the 
  
 
75
Midwestern United States, and further work in this area will resolve these differences, making it 
possible to utilize TOR data in large-scale O3 exposure-response modeling. 
This study confirmed historical trends among temperature, precipitation, and O3 variables and 
U.S. crop yields. Like Lobell and Asner (2003) this study found that yield trends for both crops 
were significantly negatively correlated with observed changes in Tmax in the Midwest, 
although the trends over the respective time spans of interest were calculated differently in the 
two studies. The change in maize yield by year was also on a similar scale, with this study 
calculating an average increase of 116 kg ha-1yr-1 for the entire Midwest, and Kucharik and 
Serbin (2008) calculating county maize yield trends in Wisconsin between 40 and 140 kg ha-1yr-
1. Similarly, this study found that soybean yields in the Midwest have increased an average of 32 
kg ha-1 yr-1 which is in line with the range 5-50 of 32 kg ha-1yr-1 for Wisconsin predicted by 
Kucharik and Serbin (2008). Although this study used a slightly different temperature predictor 
for soybean, both studies found water-availability predictors for soybean yield to be most 
important during June - August.  Both studies saw decreases in maize and soybean yields with 
warmer and drier growing season conditions and correlations between temperature and water-
availability trends. When they used multiple linear regression analysis they found intercepts for 
yield (99 kg ha-1yr-1 for maize and 34 kg ha-1yr-1 for soybean) that were similar to those found in 
this study, although the amount of the variability in yield accounted for in the model was nearly 
10% different between the studies for each species. Fishman et al. (2010) found that their MLR 
model accounted for 79 to 81% of the variability in soybean yield over 5 years in the highest O3 
region of their study. This was substantially higher than the current study, which accounted for 
roughly 55% of maize and 23% of soybean yield variability over the 25 year study period.  Some 
of these differences in predictive power of the species models may be related to differences in 
the species’ growth habits, threshold responses to light and temperature cues, which were not 
included in this model but may be related to the region chosen or the larger geographic scale of 
the individual observations, allowing environment in their model to explain more of the 
variability in yield. Yield effects of gradually increasing atmospheric [CO2] over the past three 
decades were also not included in this model, as they would have been minimized along with the 
effects of long-term agricultural management trends when the yield data was converted to first-
differences.  
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Time series analyses often encounter problems with colinearity, which makes it 
impossible to attribute yield changes to a single environmental variable (Lobell, 2010). The main 
risk being that one might attribute yield losses to one variable, when the losses are actually due 
to another variable (Lobell, 2010). For example, in studies like Lobell and Asner, (2003), Lobell 
and Field, (2007), and Kucharik and Serbin, (2008) yield losses that are attributed to high 
temperature or low water availability may be affected by increased tropospheric [O3] as well. To 
gauge the effect of colinearity we conducted a partial correlation analysis to evaluate the 
correlation between yield and a climate variable after removing the correlations with all other 
variables (Table 4.3). Partial correlation analysis showed that there are significant correlations 
between each environmental variable and the change in yield for both maize and soybean. It also 
showed negative correlations of yield with O3 exposure and temperature, supporting the initial 
choice of model and the independent contributions of each of the environmental variables to the 
changes in maize and soybean yields across the Midwest. 
Ultimately colinearity can be resolved by conducting controlled experiments to hold all 
other variables constant in order to uniquely resolve the effect of a single variable (Lobell, 2010). 
The exposure-response soybean experiment conducted in chapter 3 was on the same cohort of 
plants, within one location, across two growing seasons, under fully open-air agricultural 
conditions, and used a range of [O3] in both years. Across both growing seasons there was a 
robust [O3] exposure-response relationship of 37-39 kg ha-1 per ppb of cumulative exposure over 
40 ppb. These results are similar to the soybean O3 exposure-response relationship estimated 
from earlier experimental work done in open-top chambers in the 1980s and 1990s, reviewed 
recently by Mills et al. (2007). This further substantiates the conclusion that elevated 
tropospheric O3 is causing substantial yield losses in the Midwestern United States.  
Despite possible interactive effects of other climate change variables (Morgan et al., 
2003; Feng and Kobayashi, 2009), throughout this study O3 has consistently had a significant 
effect on yield in maize and soybean, and including an O3 term in the model predicts changes in 
yield that models using just temperature and water availability do not. The strength and 
magnitude of the response to ∆AOT40 indicates the importance of including an O3 exposure 
term in future models of crop and/or vegetation responses to climate change, particularly in 
regions of high O3 such as the croplands of Eastern China, Western Europe, and the Eastern and 
Midwestern United States (Prather et al., 2001).  
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While it is relatively simple to compare the modeled O3 response of soybean to 
published, experimentally determined exposure-responses, the same manipulative experiments 
with maize have not been done, largely because of the assumptions that the high water use 
efficiency and resultant low stomatal conductance make maize practically insensitive to current 
[O3] (Heagle et al., 1979; Kress & Miller, 1985; Heagle, 1989; Volin et al., 1998). However, the 
significant negative response of 1.61% of maize 2008 average yield and 1.85% of soybean 2008 
average yield per ppb O3 exposure over 40 ppb modeled in this study, combined with evidence 
from recent experimental studies and meta-analysis of maize that show potential for O3 
sensitivity (Mills et al., 2007; Leitao et al., 2007a, 2007b, 2007c; Leisner & Ainsworth, 2012) 
suggest that maize responses to O3 should also be a target for experimental research. 
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Tables and figures 
 
 
 ∆AOT40 ∆P/PET 
∆P/PET r=-0.51051 p<0.0001  
∆Tmax r=0.74083 p<0.0001 
r=-0.55981 
p<0.0001 
 
Table 4.1 Summary statistics of Pearson correlations between the climate first differences which 
were selected for the final model. 
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 ∆Maize yield ∆Soy yield 
∆8hr[O3] 
y=81.4-202475x 
r2=0.31 
p<0.0001 
y=23.3-34366x 
r2=0.11 
p<0.0001 
∆AOT40sc 
y=42.8-780.0x 
r2=0.37 
p<0.0001 
y=16.6-142.5x 
r2=0.14 
p<0.0001 
∆Tave 
y=119.1-726.1x 
r2=0.38 
p<0.0001 
y=38.6-90.5x 
r2=0.08 
p<0.0001 
∆Tmax 
y=114.8-632.9x 
r2=0.40 
p<0.0001 
y=37.7-94.9x 
r2=0.12 
p<0.0001 
∆Tmin 
y=117.0-669.0x 
r2=0.27 
p<0.0001 
y=38.2-58.8x 
r2=0.03 
p<0.0001 
∆Precip 
y=96.3+10.3x 
r2=0.05 
p<0.0001 
y=36.7+2.8x 
r2=0.06 
p<0.0001 
∆P/PET 
y=99.4+1605.7x 
r2=0.09 
p<0.0001 
y=36.8+386.3x 
r2=0.07 
p<0.0001 
 
Table 4.2 Simple linear regressions between ∆ yield and ∆ June-July-August growing season 
means for each of the environmental variables selected by Akaike’s Information Criteria. The 
environmental variable from each type of variable (i.e., one ozone exposure variable, one 
temperature variable, one water availability variable) that explained the greatest amount of yield 
variation (bold text) was selected for the final model analysis. 
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Maize Pearson Partial Correlation Coefficient Soybean 
Pearson Partial 
Correlation Coefficient 
∆AOT40 -0.12 p <0 .0001 ∆AOT40 
-0.11 
p <0 .0001 
∆Tave -0.51 p <0 .0001 ∆Tmax 
-0.12 
p < 0.0001 
∆P/PET 0.03 p < 0.34 ∆P/PET 
0.20 
p < 0.0001 
 
Table 4.3 Partial correlation coefficient analysis evaluates the correlation between yield and 
each climate variable after the correlations with all other variables have been removed. 
 
 
  
 
81
 
Figure 4.1 Satellite-derived tropospheric O3 residual (TOR) in Dobson Units (DU). The number 
in each box represents the numbering system for the grid boxes used in the Fishman et al. (2010) 
analyses. Adapted from Fishman et al., 2010. 
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TOR = 42.369 + 156.54 8hrmean
r2=0.1145 p<.0001
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Figure 4.2 (Upper panel) Scatter plots of absolute values of Tropospheric Ozone Residual 
(TOR) measurements of growing season mean O3 concentrations and EPA measurements of 8-
hour average O3 concentration for the growing season, with best fit linear regression (black line). 
(Lower panel) Scatter plots of first differences of TOR measurements of growing season mean 
O3 concentrations and EPA measurements of 8-hour average O3 concentration for the growing 
season, with best fit linear regression (black line). 
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Figure 4.3 Time series of (a) soybean (solid line) and maize (broken line) yields, (b) AOT40 (c) 
growing season precipitation, (d) growing season maximum (upper line), average (middle line), 
and minimum (lower line) temperature, (e) growing season average of daily 8 hr mean O3 
concentration, and (f) ratio of precipitation to potential evapotranspiration for maize and soy, 
1981-2006. 
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Figure 4.4 Scatter plots of simple linear regressions of the first differences of yield (kg ha-1) for 
soybean (∆Soy) and maize (∆Maize), against the cumulative ozone exposure during the growing 
season (∆ AOT40), growing season average daily maximum temperature (∆Tmax), growing 
season average temperature (∆Tave), and the ratio of precipitation to potential evapotranspiration 
for the growing season (∆ P/PET), along with best-fit linear regressions (black line). 
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CONCLUDING REMARKS 
Current projections by the Intergovernmental Panel on Climate Change (IPCC) show that 
the atmospheric CO2 concentration will increase this century, reaching 730-1020 ppm by 2100 
(Meehl et al., 2007), while global temperature will increase in the range of 1.1 to 6.4 oC, 
depending on global emissions scenarios (Meehl et al., 2007). These changes to the atmosphere 
and climate will be accompanied by more weather extreme events like heat waves, increased 
frequency and severity of droughts and floods. Along with these components of global climate 
change, tropospheric [O3] has risen since the industrial revolution (Forester et al., 2007). This 
secondary air pollutant and greenhouse gas has well-documented effects on human health and 
terrestrial vegetation (Royal Society, 2008). The most significant environmental effects of O3 are 
its effects on terrestrial vegetation, where it has been shown to reduce tree growth and carbon 
sequestration, to modify species composition of plant communities, and to decrease crop 
production. O3 is currently costing $14 to 26 billion per year of crop losses globally (Van 
Dingenen et al., 2009). Over the past decade regional [O3] have shown a continued upward trend 
in Asia, with reductions in peak concentrations in North America and Europe, though these 
large-scale trend often obscure large variations in local [O3] (Dentener et al., 2010; Ainsworth et 
al., 2012). For example, summer [O3] has varied from 36 to 62 ppb over the past decade in east-
central Illinois. 
Worldwide, many essential agricultural production areas, including the croplands of 
Eastern China, Western Europe, and the Eastern and Midwestern United States, are at risk from 
increasing O3 pollution (Prather et al., 2001; Flückiger et al., 2002; Fiscus et al., 2005; Holland et 
al., 2006; Tong et al., 2007; Booker et al., 2009; Emberson et al., 2009; Feng & Kobayashi, 
2009; Dentener et al. 2010). Within the Midwest, the “Corn Belt” growing region produces 34% 
of the world’s soybean and 38% of the world’s maize crops (USDA FAS). This region is already 
potentially losing 10% of its soybean production to O3 (Tong et al., 2007; Fishman et al., 2010), 
a loss which would increase with increases in [O3]. 
My dissertation research investigated the effects of rising tropospheric [O3] on current 
and future soybean and maize production across multiple agronomic genotypes, growth 
conditions, and spatial scales, and explored the potential opportunity to increase current crop 
yields under O3 pollution and to ensure high yields in the future. Chapter 2 (Betzelberger et al., 
2010) focused on understanding the physiological effects of rising tropospheric [O3] on current 
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and future soybean production by using FACE technology to double the ambient O3 
concentration and to describe intraspecific variation in recently-released soybean cultivar 
responses to O3. To do this I used photosynthetic gas exchange, leaf area index, chlorophyll 
content, chlorophyll fluorescence, and antioxidant capacity measurements of several cultivars of 
soybean grown at elevated [O3] from germination through maturity at the Soybean Free Air 
Concentration Enrichment facility. Chapter 3 (Betzelberger et al., 2013) examined the exposure-
response of soybean to elevated [O3] using FACE technology.  I defined an O3 exposure – 
response for soybean yields, and investigated how components of seed yield were affected by O3. 
To investigate this I measured the agronomic, biochemical, and physiological responses of seven 
soybean genotypes to nine [O3] (38 ppb to 120 ppb) within a fully open-air agricultural field 
location across two years. Finally, chapter 4 used multiple linear regression analysis of historical 
yield data, ground-level O3 estimates, and soil moisture and temperature data, to model the 
effects that O3 has had on Midwest soybean and maize production over the past 3 decades.  
In chapter 2 I determined that doubling background [O3] decreased soybean yields by an 
average of 17%, but with a variation in cultivar response from 8 to 37%. Chlorophyll content and 
photosynthetic parameters were shown to be positively correlated with seed yield, while 
antioxidant capacity was negatively correlated with photosynthesis and seed yield, which 
suggests a trade-off between antioxidant metabolism and carbon gain. Additionally, exposure-
response curves derived from this experiment indicate that the O3 tolerance of soybean 
germplasm has not been significantly improved in the past 30 years.  
However, in chapter 2, variation in water availability, temperature, and pests or diseases 
could interact with the O3 exposure-response of soybean (Booker et al., 2009, Ainsworth et al., 
2012). To construct a dedicated exposure-response curve, the study in chapter 3 investigated 
soybean cultivars exposed to 9 different concentrations of ozone in a single growing season. The 
results of that experiment suggest that the investigated soybean genotypes responded similarly to 
season-long exposure to O3, with a linear increase in antioxidant capacity and a linear reduction 
in agronomic seed yield, leaf area, light absorption, specific leaf mass, photosynthetic processes, 
primary metabolites, and harvest index. Across two seasons with different temperature and 
rainfall patterns, I observed a robust linear yield decrease of 37-39 kg ha-1 per ppb of cumulative 
O3 exposure over 40 ppb, consistent with chapter 2. The existence of immediate effects of O3 on 
photosynthesis, stomatal conductance, and photosynthetic transcript abundance before and after 
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initiation and termination of O3 fumigation were concurrently assessed, and there was no 
evidence to support an instantaneous photosynthetic response. Both studies suggest that there are 
trade-offs between carbon gain and losses due to decreased photosynthetic efficiency, and 
increased respiratory carbon loss from activities such as increased antioxidant metabolism or the 
enhanced deposition of epicuticular wax that is induced by elevated [O3].The ability of the 
soybean canopy to intercept radiation, the efficiency of photosynthesis and the harvest index 
were all negatively impacted by O3, suggesting that there are multiple targets for improving 
soybean responses to this damaging air pollutant. 
In addition to the experimental efforts in chapters 2 and 3 to elucidate the role 
tropospheric ozone (O3) plays in whole-plant and canopy-level processes, chapter 4 evaluated the 
statistical relationships that emerge between historical records of crop production and interannual 
tropospheric [O3] variations.  This time series analysis of annual crop production levels 
complemented chapters 2 and 3 by incorporating many more years of data, and covering a much 
wider geographic range. I estimated that the net effect of O3 on Midwest soybean yields was a 55 
kg ha-1 decrease per ppb of O3 exposure over 40 ppb, conditional to changes in temperature and 
precipitation, which is slightly higher than that predicted by earlier work as SoyFACE where 
soybean was estimated to lose 39 to 44 kg ha-1 per ppm h increase in AOT40 (Morgan et al., 
2006), and higher than the losses estimated from the dose-response experiment in Chapter 3 
which predicted soybean yield decreases of 37-39 kg ha-1 per ppm h increase in AOT40. There 
are a number of reasons that the estimates vary between Chapter 3 and Chapter 4. The historical 
statistical analysis includes many more genotypes of soybean and a much broader area of 
reference. The O3 trend predicted from the historical analysis is also conditional to changes in 
temperature and water availability, which can obviously dramatically impact production. In 
2012, one of the warmest and driest years on record in the Midwest U.S., October estimates of 
soybean production are down 14% from estimates made at the beginning of the season, before 
the drought (USDA ERS). The effects of the 2012 heat wave and drought on the maize crop are 
even more dramatic, with maize yields expected to be the lowest since 1995 (USDA NASS). The 
variation in temperature and water availability is historically correlated with variation in [O3]; 
therefore, it is difficult to predict an exact estimate of yield loss with change in [O3]. However, 
the negative historical correlation coupled with the experimental studies at SoyFACE 
emphasizes the sensitivity of soybean to O3. Counter to our hypothesis that C4 maize would be 
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less sensitive to O3, yields decreased by 125 kg ha-1 per ppb O3 exposure over 40 ppb, which is a 
loss of approximately 1.61% (of average maize yields in 2008) per ppm h AOT40, compared to 
1.85% for soybeans. This historical regression analysis coupled with the experimental evidence 
from Chapters 2 and 3 strongly suggest that breeding for O3 tolerance in soybean and maize 
should be a target for improving current and future production (Ainsworth et al., 2008). The 
additional objective of Chapter 4, to determine if long-term ground measurements of O3 
concentration were well correlated with the residual estimates of tropospheric O3 from satellites, 
showed that the two did not strongly correlate with each other over the long term of this study 
period. The strength of the satellite dataset is that it is global and can potentially estimate 
ground-level O3 in parts of the world where long-term ground-level monitoring is scarce. 
However, based on the poor correlation between the TOR dataset and the EPA ground-level 
measurements, it is doubtful that using TOR O3 data to estimate the effects of O3 on crop yields 
in the developing world would be meaningful.  
All three studies show that the current range of [O3] is sufficient to cause significant 
soybean yield losses. These losses range from 0.73% per ppm h over AOT40 across cultivars in 
chapter 2, to 0.91-1.27% per ppm h over AOT40 across nine [O3] in chapter 3, to 1.85% per ppm 
h over AOT40 across five states and thirty years in chapter 4. All three studies also show no 
improvement in the [O3] tolerance of soybean germplasm over the last three decades with similar 
yield responses to those conducted in the 1980s and 1990s, which were recently reviewed in 
Mills et al. (2007). Therefore, targeted breeding for tolerance to tropospheric O3 represents an 
opportunity for improving current and future production. 
Overall, my work has demonstrated significant intraspecific variability of soybean yield 
response to O3, delivered physiological tools to identify O3 tolerant soybean germplasm, 
identified and characterized a controlled experimental O3 exposure-response, estimated a loss of 
37-39 kg ha-1 per ppm h AOT40 for field-grown soybean under fully open-air field conditions, 
and quantitatively parsed that yield loss into decreases in the efficiencies of light interception, 
solar energy conversion into biomass, and partitioning efficiency, further supporting the 
conclusion that there are multiple opportunities for selection of soybean tolerance to this harmful 
pollutant. Finally, I utilized historical yield, O3, and meteorological data to provide estimates of 
regional (Midwestern USA) crop yield losses due to ambient [O3] over the past quarter century 
in the five greatest soybean and maize producing states, which are losing yields at a rate of 55 kg 
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ha-1 for soybean and 163 kg ha-1 for maize per ppm h over AOT40. These effects of O3 estimated 
from data collected over the last quarter century underscore the importance of including an O3 
exposure term in statistical models of crop and ecosystem responses to global climate change. 
They further suggest that developing O3 tolerance in maize, as well as soybean, should be a 
target for improving current and future crop production. 
 Global climate change will alter many aspects of the future crop production environment, 
including increasing atmospheric [CO2], average temperature, and tropospheric [O3] , as well as 
increased flooding from more intense precipitation events, soil degradation, more likely 
climactic extremes, and increasingly frequent and severe droughts, such as the one during the 
2012 growing season that affected 37% of the contiguous United States with “severe to extreme 
drought” on the Palmer Crop Moisture Index as of the end of September 2012, and which 
decreased October 2012 production estimates by 27% for corn and 25% for soybeans compared 
to those reported in May (Meehl et al., 2007; NOAA National Climatic Data Center; USDA 
NASS). These stressors are expected to increase along with [O3] and will interact with its effects 
(Feng and Kobayashi, 2009). Meta-analytical studies have shown that elevated [CO2] and 
drought significantly ameliorate yield losses due to elevated [O3] in soybean (Morgan et al., 
2003) as well as other crops (Feng and Kobayashi, 2009). These interactions of elevated [CO2] 
and O3 are particularly important when predicting the O3 impacts on crop production under 
higher [CO2] in the future (Fiscus et al., 2005).  
Although the molecular mechanisms of this amelioration effect of higher [CO2] are only 
partially understood, growth at elevated [CO2] decreases many of the negative effects of elevated 
[O3] on plant physiology (Gillespie et al., 2012). One suggested mechanism is that decreases in 
stomatal conductance (gs) as a result of growth at elevated [CO2]  lead to smaller fluxes of O3 
into the leaf and less subsequent damage, without a need for large changes in antioxidant 
metabolism (McKee et al.,1997; McKee et al. 2000; Wustman et al. 2001). A second suggested 
mechanism is an increase in photoassimilate availability at elevated [CO2], which supports 
increased investment in ROS detoxification and repair of damaged components, reducing the 
negative effects of elevated [O3] (Rao et al., 1995). This second mechanism proposes that 
antioxidant metabolism at ambient [CO2] is limited by C availability, and that growth at elevated 
[CO2] at least partially alleviates this limitation. In chapter 2 the negative correlation between 
total antioxidant capacity and photosynthesis in soybean cultivars grown at elevated [O3] 
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supports this hypothesis. These two mechanisms likely work in concert, and the ameliorative 
effect of elevated [CO2] likely depends on the concentrations of both gasses (Gillespie et al., 
2012). 
Although no yield responses of soybean to growth in both elevated [O3] over the full life 
cycle and under fully open-air conditions have been published, leaf-level gas exchange 
measurements from a study of soybean conducted at SoyFACE found that combined elevation of 
[CO2] and [O3] resulted in a slightly smaller increase in average A than when [CO2] alone was 
elevated (Bernacchi et al., 2006). The results from this 3 year open-air field experiment suggest 
that the change in atmospheric composition predicted for the middle of this century will have 
smaller effects on photosynthesis, gs and whole chain electron transport through photosystem II 
than predicted by the substantial literature on relevant controlled environment studies on soybean 
and likely most other C3 plants (Bernacchi et al., 2006). 
 While drought, extreme temperatures flooding and soil quality, are predicted to worsen 
with climate change, they have always presented obstacles to agriculture and there is a long 
history of investment in basic science and crop breeding to produce germplasm that sustains high 
yield under stressful conditions (Ainsworth et al., 2008). The opportunity for biotechnology to 
contribute to improved crop stress tolerance has been widely recognized by commercial 
agricultural companies (Ainsworth et al., 2008). Rising atmospheric [CO2] and [O3], however, 
are new challenges to crop production and, although there have been efforts to understand the 
genetic basis for variability in crop tolerance to O3, and quantitative trait loci associated with O3 
tolerance in rice have been identified (Frei et al., 2008, Frei et al., 2010b), there is still little, if 
any, industrial effort to breed for O3 tolerance in any crop (Ainsworth et al., 2008). This is likely 
due to a general lack of awareness of O3 effects on crop production and the variability in [O3] 
over time and space, which challenges efforts to screen for O3 tolerance in a wide pool of 
germplasm. The results from my dissertation research, however, highlight the importance of 
including O3 tolerance in maize and soybean as a target for breeding selection and 
biotechnological improvement of current and future crop production. 
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